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ABSTRACT 
 
Engineering Responsive Yeast Systems Using Fungal G-Protein-Coupled Receptors 
 




Communication is a ubiquitous component of life. While complexity and sophistication 
vary, both unicellular and multicellular organisms constantly interact with their environment. 
Unicellular organisms, once thought to be asocial, have since been demonstrated to display a 
multitude of social interactions and hierarchies. For example, quorum sensing enables a bacterial 
population to modulate gene expression in response to cell-population density, initiating social 
behavior and the exchange of resources. In eukaryotes, unicellular ascomycete fungi use mating 
GPCRs to detect secreted peptide pheromones, initiating changes in gene expression required for 
mating. An overview of communication in unicellular organisms is presented in Chapter 1. 
In general, these communication systems are characterized by a high degree of fidelity, and 
as such have been harvested by synthetic biologists to organize communication in synthetic 
systems. Quorum sensing modules have been employed for pattern formation and to coordinate 
biosynthesis processes across a community. However, fungal mating remains underutilized as a 
source of synthetic biology tools.  
In this dissertation, we leverage fungal mating G-protein-coupled receptors (GPCRs) and 
their peptide ligands to build responsive yeast systems. We use genome-mining to identify 
additional fungal peptide-GPCR pairs, which are then characterized in the yeast Saccharomyces 
cerevisiae. In Chapter 2, we exploit the high specificity and sensitivity of fungal mating GPCRs 
to design a yeast whole-cell biosensor that produces a visible output in response to detection of 
peptide biomarkers. In Chapter 3, we genome-mine additional peptide-GPCR pairs and use them 
as orthogonal signaling channels to build synthetic yeast communities. Finally, in Chapter 4, we 
use these synthetic yeast communities to provide sense-and-respond capabilities to an Engineered 
Living Material (ELM). 
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1 COMMUNICATION IN UNICELLULAR ORGANISMS 
 
1.1 Introduction 
 In this dissertation, we leverage fungal mating G-protein-coupled receptors (GPCRs) and 
their peptide ligands to build responsive yeast systems. In Chapter 2, we use the high specificity 
and sensitivity of fungal mating GPCRs to design a yeast whole-cell biosensor that produces a 
visible output in response to detection of peptide biomarkers. In Chapter 3, we genome-mine 
additional peptide-GPCR pairs and use them as orthogonal signaling channels to build synthetic 
yeast communities. In Chapter 4, we use these synthetic yeast communities to provide sense-and-
respond capabilities to an Engineered Living Material (ELM). To contextualize these efforts, in 
Chapter 1 we provide an overview of communication in unicellular organisms. We start by 
carefully defining communication and describing different topologies that can result. We then 
discuss natural cell-cell communications systems, before concluding with artificial cell-cell 
communication systems that have been engineered using synthetic biology. 
1.2 Defining communication 
1.2.1 What is a signal? 
 At its simplest, we may define communication as the exchange of information between two 
parties and the means by which this exchange is accomplished. Thus, communication must involve 
at least one sender, a message, and a recipient. However, not all communication is purposeful, or 
has evolved due to mutual benefits to the sender and recipient. John Maynard Smith, an 
evolutionary biologist instrumental to the application of game theory to evolution, addresses these 
differences in his seminal work entitled “Animal Signals.”1 He argues that signaling should be 
deconstructed into three core definitions: signal, cue, and coercion. As he defines it, a signal is 




effect, and which is effective because the receiver’s response has also evolved.”1 To be a true 
signal (in the context of unicellular organisms) the secretion of X by cell A must have evolved 
because of its effect on the sender, and must be beneficial to the receiver to respond (Figure 1.1).2 
The exchange of peptide pheromones by ascomycete fungi to coordinate mating would thus be 
considered a signal, as it is mutually beneficial to the sender and receiver when the receiver 
responds to the secreted peptides. On the other hand, a cue is “a feature of the world, animate or 
inanimate, that can be used by an animal as a guide to future action.”1 Here, the production of a 
substance X by cell A has not evolved due to its effect on cell A. For example. substance X may 
be a waste product that is sensed or metabolized by cell B, but its use by cell B does not benefit or 
influence cell A. A real-life example would be the sensing of exhaled CO2 by a mosquito. Here, 
the sender certainly is not trying to alert the mosquito of their presence, but the receiver still 
benefits from responding.1  Last, coercion is communication that did evolve according to the effect 
on the sender, but does not benefit the receiver to respond.1,3 An example would be the production 
of a toxin that kills non-kin community members. Here, the production of substance X by cell A 
has evolved because of its effect on the sender, but at the detriment of the receiver. We argue that 
using these definitions helps distinguish true social interactions from passive interactions that have 
evolved simply by chance. 
Evolved because 







Secretion and sensing of peptide 
pheromones by ascomycete fungi to 
coordinate mating
Cue – + Sensing of exhaled carbon dioxide by a mosquito
Coercion + – Secretion of a toxin to kill non-kin members of a community
Figure 1.1 Different modes of communication 
Communication can be classified by the effects on the sender and receiver. Adapted with permission from FEMS 





1.2.2 Regulation of cooperative behaviors 
 Communication is a common strategy used by individuals to coordinate cooperative 
strategies such as the production of public goods. In bacteria, an example would be the secretion 
of a protease to break down proteins into smaller fragments.3 However, the production of these 
public goods invites nonproducers, or cheaters, to invade the community and derive benefit 
without contributing. For example, a cheating phenotype could arise from a loss-of-function 
mutation in a receptor that regulates cooperative traits.4 Quorum sensing in bacteria helps prevent 
the proliferation of cheaters by restricting the production of public goods to high cell-population 
densities. As a result, this reduces the strength of selection for non-producing cheaters at lower 
cell densities.5 
 Another mechanism to regulate cooperative behaviors is through partial privatization of 
private goods. For example, the Saccharomyces cerevisiae enzyme invertase catalyzes the 
conversion of sucrose into fructose and glucose, which are easier to metabolize. However, 
invertase is located in the periplasm and thus 99% of the hydrolysis products diffuse away from 
the cell. While this scenario invites the propagation of cheaters, the 1% retained by the cooperating 
cell is enough to prevent population collapse.6 In fact, it has been suggested that maximal group 
benefit sometimes arises from a mixed population of cheaters and cooperators: the cooperating 
yeast invertase produces more fructose and glucose than it needs, and the cheaters turn this benefit 
into additional biomass.7 
 The selective pressures that produce cheaters can also rescue a cooperative community 
from collapse. An example is the laboratory scenario in which two yeast strains have been 
engineered to depend on each other for survival (i.e. they each require a metabolite produced by 




predicted to collapse the community. This is indeed the case in the majority of cocultures; however, 
in a subset of cocultures cooperators rapidly displaced cheaters. This phenomenon has been termed 
the “adaptive race” model, which argues that sudden environmental changes provide time for the 
cooperative system to acquire additional mutations that would confer a fitness advantage over the 
cheaters.8 
1.2.3 Building network topologies from individual interactions 
 When added together, the different interactions in a system lead to diverse network 
topologies. These topologies can arise naturally, such as in the gut microbiome,9 but they can also 
be engineered artificially using synthetic biology.10 Here, we borrow terminology from computer 
network architecture to describe possible network topologies (Figure 1.2).11 
Figure 1.2 Example of different network topologies 
The combination of different interactions in a system leads to diverse network topologies. In this figure, the nodes 
represent individual cell types. To exemplify information flow, the grey node is considered the communication 
initiator, and sends signals indicated by the red arrows. These signaling events then induce further information 
flow through the topology, represented by the black arrows. 
  
Bus





 In the bus topology, information flows in a straight line only. While they are easy to 
implement, the lack of redundancies makes them prone to failure. In the ring topology, nodes are 
connected in a circular format, such that the first and last member of the network are connected. 
Ring topologies can sustain larger networks than bus topologies but are still prone to failure 
because the failure of one node can “crash” the system. In the star topology, every node is 
connected directly to a central node. This topology allows additional satellite nodes to easily be 
added or removed without compromising the system, but failure of the central node would “crash” 
the system. The tree topology consists of a central node with two or more branches, arranged in at 
least three levels of hierarchy. The tree topology can be used to extend an existing line or star 
topology, and the hierarchical format makes it easy to identify failure points. However, the system 
still depends on a central node, and the increased complexity typically requires more resources. In 
the partial mesh topology, most nodes are interconnected but some remain connected to only one 
or two other nodes. Compared to other topologies, the increased interconnectivity makes these 
systems less prone to failure. However, this results in increased complexity and thus more 
resources. Finally, in the full mesh topology each node is connected to all other nodes in the system. 
While this system is particularly resistant to failure, it requires a significant amount of additional 
resources: a six-membered bus topology with one-way information flow requires five connections, 
whereas a six-membered full mesh topology requires 30 connections! In both natural and artificial 








1.3 Natural cell-cell communication systems 
1.3.1 Quorum sensing in bacteria 
Unicellular organisms are constantly interacting with their environment through the 
sensing and secretion of various molecules. When conditions are harsh, these organisms may react 
by shifting metabolic strategies or entering a quiescent state. Under ideal conditions, abundant 
nutrients may lead to high cell densities and the establishment of social communities such as 
biofilms. One strategy used by bacteria to navigate these changes is called Quorum sensing (QS). 
Quorum-sensing bacteria secrete, detect, and respond to hormone-like molecules that increase as 
a result of cell-population density.12 QS was first observed in the Gram-negative bioluminescent 
marine bacterium Vibrio fischeri, which colonizes the light organ of the Hawaiian squid Euprymna 
scolopes.13 In V. fischeri, QS is achieved by a LuxIR signaling circuit. LuxI, the autoinducer 
synthase, produces the acyl-homoserine lactone (AHL) autoinducer 3OC6-homoserine lactone. 
LuxR is the cytoplasmic autoinducer receptor/DNA-binding transcriptional activator. The 
produced 3OC6-AHL then freely diffuses in and out of the cell, where its concentration increases 
in a cell density-dependent manner. At sufficient concentrations, 3OC6-AHL binds LuxR and 
activates transcription of the operon encoding luciferase. Since the operon also induces expression 
of LuxI, a positive feedback loop is created that synchronizes gene expression of the entire 
population to produce light.12 LuxIR-type signaling circuits have since been reported in numerous 
gram-negative proteobacteria (Figure 1.3a).14 These circuits are often highly specific due to a 
diverse set of fatty acyl side chains added by species-specific LuxI-type proteins.  
QS has also been observed in Gram-positive bacteria. Gram-positive bacteria communicate 
using modified oligopeptides and “two-component”-type membrane-bound sensor histidine 




penetration into host tissues, a switch that is coordinated by the Agr quorum-sensing system.15 
AgrD encodes for an autoinducing peptide (AIP), which is processed and exported by AgrB 
(Figure 1.3b). AIP is sensed by a two-component sensor kinase-response regulator pair, AgrC and 
AgrA, respectively. Binding of extracellular AIP to AgrC leads to phosphorylation of AgrA. 
Phosphorylated AgrA then induces expression of a regulatory RNA (RNAIII) which reduces 
expression of cell-adhesion factors while inducing expression of secreted factors associated with 
infection.16 Phospho-AgrA also induces expression of the agrBDCA operon, which increases AIP 
levels and generates a positive feedback loop to coordinate the entire population. Interestingly, 
multiple AIP-AgrC peptide-receptor pairs have been reported in S. aureus. Each AIP specifically 
induces its cognate receptor while inhibiting activation of the others through competitive binding.17 
As such, the Agr system is an example of both signaling and coercion simultaneously. 
QS behavior has also been reported in streptomycetes. Streptomycetes are soil-dwelling 
Gram-positive bacteria that produce many secondary metabolites of clinical relevance.18 
Streptomycetes use g-butyrolactones (GBLs) as autoinducers to control morphological changes 
and secondary metabolite production (Figure 1.3c). Streptomyces griseus secretes the GBL A-
factor, catalyzed in part by AfsA. At sufficient concentrations, A-factor binds to the intracellular 
receptor ArpA, which derepresses the transcriptional activator AdpA. AdpA then activates 
transcription of genes involved in the formation of aerial hyphae and spores.19 While GBLs are 
structurally similar to HSLs produced by Gram-negative bacteria, only one GBL has been reported 
to mediate interspecies communication.20 
Some bacteria have been demonstrated to communicate via multiple parallel QS circuits. 
Vibrio harveyi, another Gram-negative bioluminescent marine bacterium, has been demonstrated 




by LuxM (Figure 1.3a). While LuxM has no homology to LuxI-type enzymes, it catalyzes the 
same biochemical reaction to produce a specific AHL.21 V. harveyi also produces a furanosyl 
borate diester known as AI-2, which is produced by the LuxS enzyme.22 Third, CAI-1 ((S)-3-
hydroxytridecan-4-one) is produced by the CqsA enzyme.23 These QS systems function in parallel 
and converge on a shared two-component regulatory pathway.3 It has been demonstrated that the 
response of parallel circuits is additive, and thus enables a more graded response to external 
autoinducers. It is hypothesized that this may lead to better synchronization of gene expression at 
discrete developmental stages in a bacterial community.24 
Figure 1.3 Representative bacterial quorum sensing molecules 
Bacteria secrete and sense autoinducer molecules to modulate gene expression in response to cell-population 





1.3.2 Communication in unicellular fungi 
  Unicellular fungi, collectively referred to as yeasts, have also evolved mechanisms for 
interacting with their environment. QS-like behavior has been reported in Saccharomyces 
cerevisiae as well as in the pathogenic fungus Candida albicans.25 In C. albicans, the isoprenoid 
farnesol has been demonstrated to control the switch from filamentous growth at low cell densities 
to budding growth at high cell densities.26 In S. cerevisiae, the aromatic alcohols phenylethanol 
and tryptophol were found to regulate a switch to filamentous growth during nitrogen starvation 
conditions.27 However, additional studies are needed to determine if these molecules are truly 
signals according to the definition in Section 1.2.1 or are instead metabolic byproducts that the 
yeast senses as environmental cues. 
Unlike bacteria, however, unicellular fungi are eukaryotes and thus can undergo sexual 
reproduction. Mating in fungi is choreographed through the secretion and sensing of a diverse set 
of peptide pheromones.28 The ascomycete Saccharomyces cerevisiae (yeast) is a budding 
unicellular fungus that propagates vegetatively, either as MATa or MATa haploids or as 
MATa/MATa diploids.29 While most laboratory S. cerevisiae strains are maintained as haploids 
for convenience, wild strains typically prefer the diploid state. They only undergo meiotic division 
and sporulation to form four stress-resistant haploid spores under nutrient-deprived conditions.30 
In order to detect cells of the opposite mating type and initiate mating, MATa haploids secrete a-
factor, a highly hydrophobic farnesylated and carboxylmethylated 12-mer peptide, and sense a-
factor via the Ste2p G-protein coupled receptor (GPCR); MATa haploids secrete a-factor, an 
unmodified 13-mer peptide, and sense a-factor via the Ste3p GPCR.31,32 Furthermore, homologous 
a-factor/Ste2p-like peptide-GPCR pairs have been identified from a diverse range of fungi.33 It 




thus have likely evolved as a part of speciation.10 As such, we argue that secreted yeast pheromones 
are indeed signals, due to their evolved mutual benefit to the sender and receiver. 
1.4 Artificial cell-cell communication systems 
1.4.1 Introduction 
The discovery of cooperative quorum-sensing behavior in V. fischeri completely changed 
our understanding of unicellular organisms. Characterization of the V. fischeri LuxIR system 
quickly spawned an entire field of research surrounding both natural and artificial cell-cell 
communication in unicellular organisms. In this section, we present a selection of work towards 
engineering artificial cell-cell communication. We separate efforts into the following categories: 
(i) improving existing signal systems, (ii) transporting existing signaling systems into different 
organisms, and (iii) engineering new signaling systems. 
1.4.2 Improving existing signal systems 
Quorum sensing is an appealing source of parts for synthetic biology. However, many 
natural existing systems only modulate gene expression in one direction, i.e. increase or decrease, 
or suffer from receptor or promoter crosstalk. As such, existing QS modules have been engineered 
to modulate their response. In one approach, directed evolution was used to identify a LuxR 
variant, LuxR-G2E, that responds to a broader range of AHLs.34 In follow-up work, a dual 
positive-negative selection was employed to identify a variant of LuxR-G2E that responds to 
straight-chain AHLs but no longer responds to 3OC6-AHL, the original cognate ligand.35 In more 
recent work, directed evolution was used to identify two variants of the LsrR receptor, which binds 
AI-2 in E. coli. They identified a variant, eLsrR, that enhances the induction of gene expression, 
as well as another variant, aLsrR, that represses gene expression in response to AI-2 binding.36 




populations, which should enable the assembly of more complex systems. As a final example, it 
was demonstrated that new QS systems can be rationally designed. Using the LuxIR system as a 
reference point, the Tra system from Agrobacterium tumefaciens and the Rpa system from 
Rhodopseudomonas palustris were engineered to be functional in E. coli and demonstrated to be 
completely orthogonal.37 Taken together, this examples demonstrate that QS modules are 
amenable to engineering using routine directed evolution and rational design. 
1.4.3 Transporting existing signaling systems into different organisms 
While most QS systems are native to bacteria, several studies have demonstrated that the 
core components can be transported into other organisms. In one example, the A. tumefaciens 
AHL-type Tra system was successfully transported into mammalian cells.38 To accomplish this, 
the TraR protein was fused to the eukaryotic activation domain of NF-kB p65. Addition of the 
TraR autoinducer 3OC8-AHL successfully induced transcription of a minimal promoter 
containing the TraR DNA recognition sequence. The minimal promoter was engineered by placing 
an array of seven repeats of the TraR recognition sequence upstream of the minimal CMV 
Figure 1.4 Rational design of orthogonal QS modules 
Rational design of LuxIR-type receptors and promoters provided two completely orthogonal QS modules, Tra 
and Rpa, for use in E. coli. Reprinted with permission from ACS Synth. Biol. 2016. 5(9): 969-977. Copyright © 





promoter. In a separate study, the Tra system was used to control gene expression in several plants, 
including: moss, barley, carrot, and transgenic Arabidopsis thaliana seedlings.39 Here, the 
eukaryotic activation domain VP16 was translationally fused to the N terminus of TraR and 
expressed in plant cells. Induction by foliar application of 3OC8-AHL resulted in a 30-fold 
increase in gene expression within eight hours. 
AIP-type QS modules have also been transported into new organisms. In one example, the 
Agr two-component QS system from S. aureus was transported into E. coli and Bacillus 
megaterium to generate an interspecies communication system.40 An E. coli sender cell was 
engineered by expressing the AgrD and AgrB protein required for production and secretion of 
mature AIP, respectively. A B. megaterium receiver cell was engineered to express the two-
component AgrCA for AIP recognition. The P3 promoter from S. aureus was used to control gene 
expression. The engineered sender and receiver cells were then successfully cocultured to 
demonstrate interspecies communication. In follow-up work, the same group demonstrated that 
the Agr system could be used to engineer synthetic quorum sensing and split communication in B. 
megaterium alone.41 
Similarly, secreted pheromones and fungal mating G-protein-coupled receptors (GPCRs) 
were used to engineer a rudimentary interspecies communication system in yeast.42 The fission 
yeast Schizosaccharomyces pombe was engineered to secrete S. cerevisiae a-factor, and 
conversely the budding yeast S. cerevisiae was engineered to secrete S. pombe P-factor. While the 
strains were not directly cocultured, supernatant successfully induced cell cycle growth arrest in 
the opposite strain, an indicator of mating GPCR activation. In related work, two studies 
demonstrated that the pheromone response system can be reconfigured to produce QS behavior in 




density-dependent induction of a pheromone-inducible promoter. In our own work, we 
demonstrated that a-factor/Ste2p-like peptide-GPCR pairs from ascomycete fungi are functional 
when expressed in S. cerevisiae.10 A set of eight orthogonal peptide-GPCR pairs were then used 
to engineer synthetic yeast communities containing up to six different yeast strains. In sum, these 
examples demonstrate that many natural signaling systems are readily reconfigured or transported 
into new hosts with minimal engineering.  
1.4.4 Engineering new signaling systems 
 The concept of QS can also be applied to design entirely new signaling systems. In an early 
example, artificial communication was engineered into S. cerevisiae using signaling elements from 
the plant A. thaliana.45 A sender cell was engineered to synthesize cytokinin isopentenyladenine 
(IP), an adenine derivative involved in A. thaliana growth and development. A receiver cell was 
engineered to express the cytokinin receptor AtCRE1, which phosphorylates the endogenous 
histidine phospho-transfer protein YPD1. Phospho-YPD1 then phosphorylates the endogenous 
nuclear aspartate response regulator SKN7, which activates reporter expression of a synthetic 
promoter containing the SKN7 response element. It was further shown that both signaling modules 
could be integrated into a single cell, generating an artificial QS module. However, sensitivity of 
the system was in the µM range, and several changes were necessary to the background strain to 
prevent activation of the HOG1 pathway. These changes likely preclude the use of these strains 
for fermentation, reducing the appeal of the described IP/AtCRE1 system.  
 Another artificial communication system in S. cerevisiae was engineered using Auxin, 
another plant hormone, and auxin-degradable CRISPR transcription factors (Figure 1.5).46 A 
sender cell was engineered that converts indole-3-acetamide (IAM) into auxin using the iaaH 




factors (ADCTFs) were designed. dCas9 was fused to a nuclear localization sequence (NLS), an 
activation domain, and an auxin-sensitive degron. In the presence of auxin, the degron recruits an 
auxin-sensing F-box (AFB) protein to form an SCF complex (an E3 ubiquitin ligase). This then 
leads to ubiquitination and degradation of the ADCTF. Coculturing the sender and receiver strains 
led to a decrease in the amount of ADCTF and thus a decrease in reporter gene expression of the 
reporter strain. However, the cells must be supplemented with the auxin precursor IAM, and the 
described system can only turn off gene expression.   
 All of the above examples rely on diffusion of the signaling molecule. However, 
communication through direct cell-cell interactions is also widespread in nature. One example is 
the Notch signaling pathway, which is a highly conserved cell signaling system present in many 
multicellular organisms.47 In Notch signaling, binding of the Notch receptor to its ligand on the 
surface of partner cells induces cleavage and release of the intracellular fragment of Notch. Once 
released, this intracellular fragment functions as a transcription factor and activates target gene 
expression. Recently, the contact-dependent transcription properties of the Notch receptor were 
harnessed to design a revolutionary artificial communication system.48 This was achieved by 
Figure 1.5 Artificial cell-cell communication in yeast using auxin 
The plant hormone auxin was used as a signaling molecule in an artificial cell-cell communication system. 
Biosynthesis of auxin from indole-3-acetamide (IAM) is accomplished in the sender cell. Auxin then diffuses to 
the receiver cell, where it binds an auxin-responsive CRISPR transcription factor. This leads to transcription 
factor degradation and silencing of the GFP reporter gene. Reprinted with permission from ACS Synth. Biol. 2016 





swapping the extracellular recognition and intracellular effector domains to generate synthetic 
Notch receptors (synNotch) (Figure 1.6). Only the central regulatory domain from Notch which 
contains the required proteolytic cleavage sites is retained. Importantly, the modularity of the 
synNotch receptor allows an extracellular ligand binding module to be coupled to a user-defined 
transcriptional response in the cell. To demonstrate the utility of this system, synNotch receptors 
were used to control differentiation, program spatial patterning, and perform Boolean decisions. 
As such, synNotch receptors have potential for use in next-generation cell therapies. Cell Design 













Figure 1.6 synNotch receptors mediate cell-cell 
contact-dependent signaling 
Swapping the extracellular recognition and 
intracellular effector domains of the Notch receptor 
leads to user-defined cell-cell contact-dependent 
signaling. Synthetic Notch receptors (synNotch) have 
been used to control differentiation, program spatial 
patterning, and perform Boolean decisions. Reprinted 






In this chapter, we provided an overview of cell-cell communication in unicellular 
organisms. It is now well understood that unicellular organisms are constantly interacting with 
their environment through the secretion and sensing of various molecules. However, we caution 
that not every secreted and sensed molecule should be considered a signal. Following the definition 
of John Maynard Smith, we believe that an interaction qualifies as a signal only if it has evolved 
due to mutual benefit to the sender and receiver.1 Keeping this definition in mind, we then 
summarized natural signaling systems in unicellular organisms, with a focus on quorum sensing 
(QS) in bacteria and mating in yeast. Next, we presented examples of artificial cell-cell 
communications. We separated artificial communication into three main approaches: (i) improving 
natural signaling systems, (ii) transporting these natural systems into other organisms, or (iii) 
cherry-picking biological parts to design fully artificial systems. 
Armed with an arsenal of natural and artificial communication systems, synthetic biology 
is now poised to leap from engineering single cells to designing synthetic microbial consortia. In 
yeast, fungal mating peptide-GPCR pairs have been used to design communities capable of 
biological computation and memory storage.50,51 In bacteria, QS modules have been used to 
construct logic gates distributed across cells and program stable oscillations in both gene 
expression and population dynamics.52-54 In mammalian cells, synNotch receptors have been 
engineered to induce specific cell-cell contacts through cadherin expression and promote self-
assembly of cells into predefined two- and three-dimensional shapes.55 As such, we believe that 
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In this chapter, we describe our efforts towards engineering a whole-cell biosensor for 
fungal pathogens by repurposing peptide-GPCR pairs from these pathogens as 
biomarker/biosensor modules. To enable easy diagnosis outside of the laboratory setting, we 
coupled the pheromone response pathway to lycopene production to generate an output visible to 
the naked eye. Lastly, we propose a method for extending our yeast biosensor to detect any peptide 
biomarker through direct evolution of fungal Ste2p-like GPCRs, using Ebola Virus as a case study. 
2.1.1 Current methods for pathogen detection 
The ability to rapidly and selectively detect bacterial, fungal, and viral pathogens in clinical 
and environmental samples is critical to human health,1 food safety,2 and mitigating bioterrorism.3 
Assays that are employed clinically for pathogen detection typically fall into one of three 
categories: (i) immunologic, (ii) nucleic acid-based, and (iii) microbiologic. Immunologic and 
nucleic acid-based assays operate by probing a sample for the presence of specific biomolecules, 
or biomarkers, that indicate the presence of the pathogen.4 Microbiologic assays involve direct 
visualization or selective culturing of the pathogen of interest.5  
The enzyme-linked immunosorbent assay (ELISA) is the classic example of 
immunological pathogen detection. The protein biomarker of interest is first captured by a primary 
antibody, followed by an enzyme-conjugated secondary antibody that specifically binds the 
primary antibody and generates a measurable signal upon substrate addition.6 Nucleic acid-based 
assays, typified by the polymerase chain reaction (PCR), rely on amplification of a nucleic acid 




acid sequence.7 While ELISA and PCR have been transformative for pathogen detection, these 
methods often must be performed by trained personnel using sophisticated equipment and 
expensive reagents, rendering point-of-care (POC) diagnosis challenging, especially in resource-
poor settings.8   
In addition, microbiologic assays remain pervasive, particularly for the detection of fungal 
pathogens. Culturing a clinical sample remains the gold standard for diagnosis of fungal  
infection.9 However, positive identification may take several days, and phenotypic similarities 
between species can confound results. For example, distinguishing the invasive fungal pathogen 
Candida auris from other Candida species is difficult by traditional phenotypic methods, and even 
sophisticated methods such as matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF),10 recommended by the CDC,  may fail to differentiate strains.11 The inability to reliably 
detect and distinguish fungal pathogens even with sophisticated methods underscores the need for 
new approaches to pathogen detection. 
2.1.2 Whole-cell biosensors for analyte detection 
 While the traditional definition of a biosensor refers to a biological sensing component 
(such as a cell, enzyme, antibody, or aptamer) that transduces analyte detection to an electrical 
output, the advent of synthetic biology has enabled the development of whole-cell biosensors that 
accomplish both analyte sensing and signal output.12-14 Saccharomyces cerevisiae (yeast) provides 
an ideal chassis for whole-cell biosensor engineering: it can be dried for long-term storage; is 
compatible with eukaryotic sensing modalities; can generally tolerate harsh environmental 
conditions; and its history as a model organism makes genetic manipulation routine.15-18 Yeast 




hormones,21 and explosives.22 However, until recently the potential of yeast biosensors for 
pathogen detection has remained largely untapped.23   
2.1.3 Fungal mating is a natural biosensing pathway 
 Mating in fungi is choreographed through the secretion and sensing of a diverse set of 
peptide pheromones.24 The ascomycete Saccharomyces cerevisiae (yeast) is a budding unicellular 
fungus that propagates vegetatively, either as MATa or MATa haploids or as MATa/MATa 
diploids.25 While most laboratory S. cerevisiae strains are maintained as haploids for convenience, 
wild strains typically prefer the diploid state. They only undergo meiotic division and sporulation 
to form four stress-resistant haploid spores under nutrient-deprived conditions.26 In order to detect 
cells of the opposite mating type and initiate mating, MATa haploids secrete a-factor, a highly 
hydrophobic farnesylated and carboxylmethylated 12-mer peptide, and sense a-factor via the 
Ste2p G-protein coupled receptor (GPCR); MATa haploids secrete a-factor, an unmodified 13-
mer peptide, and sense a-factor via the Ste3p GPCR.27,28  
Pheromone activation of Ste2p/Ste3p initiates a signal transduction cascade that includes a 
mitogen-activated protein kinase (MAPK) pathway (See Fig. 2.1).29 In S. cerevisiae, GPCR 
activation causes the Ga subunit (Gpa1p) to exchange guanosine diphosphate (GDP) for guanosine 
triphosphate (GTP) and dissociate from the Gbg complex (comprised of Gb (Ste4p) and Gg 
(Ste18p)). The Gbg complex then interacts with Ste20p (p21-activated protein kinase) and Ste5p 
(scaffold protein for MAPK pathway). Ste20p mediates phosphorylation of Ste11p, the first kinase 
in the MAPK pathway, which then triggers phosphorylation of Ste7p and Fus3p. Fus3p 
phosphorylates and inactivates Dig1p and Dig2p, which are negative regulators of the Ste12p, the 
transcription factor responsible for mating gene expression. Released Ste12p then binds the 




upregulation of approximately 200 genes.30 Major phenotypic changes include cell cycle growth 
arrest (mediated by Far1p) in the G1 phase and polarized growth (shmoo formation) towards the 
mating partner. If a MATa haploid makes contact with a MATa haploid, the cells fuse to form a 
diploid zygote; otherwise, pathway inactivation returns the cell to normal mitotic growth. 
Since most ascomycetes have two mating types, analogous to MATa and MATa in S. 
cerevisiae, evolution has already provided an expansive pool of pheromone/receptor pairs. 
Importantly, several heterologous a-factor/Ste2p-like peptide-GPCR pairs have been 
demonstrated to function in yeast, including from Candida albicans,31 Sordaria macrospora,32 
Paracoccidioides brasiliensis,33 and Ashbya gossypii.34 In addition, conserved structures make it 
fairly straightforward to predict putative peptide-GPCR pairs from other ascomycetes.35 As such, 
we hypothesized that fungal a-factor/Ste2p-like peptide-GPCR pairs would provide the ideal  




 Figure 2.1 Yeast pheromone response 
pathway 
The pheromone response pathway couples 
pheromone sensing to transcriptional 
regulation In brief, activation of Ste2p by 
a-factor causes the Ga subunit to exchange 
GDP for GTP and dissociate from the Gbg 
complex. The Gbg complex then interacts 
with Ste5p and Ste20p, leading to a 
phosphorylation cascade that ends with 
























2.2.1 Fungal GPCRs are modular detection elements for invasive fungal pathogens 
To test our hypothesis that fungal mating peptide-GPCR pairs could be repurposed for 
pathogen detection, we first assembled a list of fungal pathogens for which mating peptide-GPCR 
pairs were available, either through previous functional characterization or through identification 
of putative peptide-GPCR pairs in genomic data (Figure 2.2, Appendix 6.1). Then, codon-
optimized or wild-type receptor genes were cloned into a low-copy expression plasmid derived 
from pRS416, containing the S. cerevisiae TDH3 promoter and STE2 terminator, and transformed 
into the reporter strain yMJ183. As mentioned in Section 2.1.3, Ste2p activation leads to the 
transcriptional upregulation of a multitude of mating-associated genes. To generate the reporter 
strain yMJ183, the gene encoding yeast-enhanced mRFP (yEmRFP)36 was placed under control of 
 Figure 2.2 Fungal pathogen peptide-GPCR pairs cloned and validated 










Saccharomyces cerevisiae Baker's Yeast – WHWLQLKPGQPMY D6VTK4 ATCC 200895
Candida glabrata Candidiasis Human WHWVRLRKGQGLF Q6FLY8 ATCC 2001
Candida albicans Candidiasis Human GFRLTNFGYFEPG Q59Q04 ATCC MYA-2876
Lodderomyces 
elongisporus
Candidiasis Human WMWTRYGRFSPV A5E1D9 ATCC 11503
Paracoccidioides 
brasiliensis (lutzii)
Paracoccidioidomycosis Human WCTRPGQGC C1GFU7 PLASMID PLPreB
Botrytis cinerea 




(Giberella zeae) Wheat head blight Plants WCWWKGQPCW I1RG07
Codon-optimized 
synthetic DNA
Magnaporthe oryzae Rice blast Plants QWCPRRGQPCW G4MR89 Codon-optimized synthetic DNA
Zygosaccharomyces bailii Spoilage Food Spoilage HLVRLSPGAAMF S6EXB4 Codon-optimized synthetic DNA
Zygosaccharomyces 
rouxii
Spoilage Food Spoilage HFIELDPGQPMF C5DX97 ATCC 2623




the pheromone-inducible FUS1 promoter and integrated into the reiterative recombination 
(ReRec)37 site in strain yMJ105 and the endogenous STE2 gene was deleted. yMJ105 carries 
deletions for SST2 and FAR1, which increase strain sensitivity to peptide and prevent cell cycle 
growth arrest, respectively. Functional characterization of the fungal GPCRs was then determined 
through dose-response characterization with synthetic peptide ligand. 
By simply swapping the Ste2p GPCR, we generated functional biosensors for 10 major 
human, agricultural, and food spoilage pathogens: Candida albicans, Candida glabrata, 
Paracoccidioides brasiliensis, Histoplasma capsulatum, Lodderomyces elongisporus, Botrytis 
cinereal, Fusarium graminearum, Magnathorpe oryzae, Zygosaccharomyces bailii, and 
Zygosaccharomyces rouxii. Notably, no additional engineering was necessary for heterologous 
expression of the Ste2p-like GPCRs in yeast, as is often required for mammalian GPCRs. This is 
possibly due to higher homology with the endogenous Ste2p GPCR (Figure 2.3). 
All GPCRs exhibited high sensitivity to their cognate ligands, with EC50 values ranging 
from 14µM to 4nM (Figure 2.4). Codon optimization of the GPCR gene provided a slight increase 
in sensitivity but did not appear to be required for expression (Figure 2.3). Most tested GPCRs 
were also highly specific to their cognate peptide ligand, which may arise from (but is not a 
requirement of) speciation (Figure 2.4).38 As a result, we felt confident that fungal a-factor/Ste2p-
like peptide-GPCR pairs could be effectively employed as the biomarker/biosensor module in a 






Figure 2.3 Dose-response curves for fungal GPCRs 
A: Heterologous Ste2p-like GPCRs from the indicated fungal strains were engineered to replace the endogenous 
S. cerevisiae Ste2p GPCR. Each strain was tested with its cognate synthetic fungal peptide. GPCR activation was 
monitored by activation of the yEmRFP fluorescent reporter gene under control of the FUS1 pheromone-inducible 
promoter after 12 hours. B: Dose-response curve for C. glabrata wild-type GPCR (Cg.Ste2) and the codon-









 Figure 2.4 Fungal GPCRs are sensitive and specific receptors of peptide biomarkers 
A: Activation of fungal Ste2p-like GPCRs in S. cerevisiae by the corresponding cognate synthetic mating peptides 
(40µM). B: EC50 values calculated for fungal GPCRs in S. cerevisiae using synthetic cognate ligands. C: 
Specificity of heterologous fungal GPCRs. GPCRs were activated by 5µM synthetic peptides. Response was 
measured by fluorescence and normalized for each GPCR. D: Comparative scoring of all biosensors. Parameters 





2.2.2 Coupling GPCR activation to lycopene production generates a visible readout 
 To meet the needs of on-site detection, we then replaced the fluorescent readout with a 
robust signal that is easily visible to the naked eye. We chose lycopene, an antioxidant carotenoid 
pigment naturally produced in plants and bacteria and widely used for metabolic engineering.39 
We introduced the lycopene production pathway into our strain by placing the first two 
biosynthetic genes, Erwinia herbicola crtE (geranylgeranyl diphosphate synthase) and crtB 
(phytoene synthase), under constitutive promoters from TEF1 and PGK1, respectively. To tie 
lycopene production to activation of the fungal GPCR, we placed two copies of the last pathway 
gene crtI (lycopene synthase) under control of the pheromone-inducible FUS1 promoter. 
Lycopene production was further optimized through incorporating an additional copy of the 
endogenous flavin adenine dinucleotide synthase FAD1. An overview of the lycopene production 
pathway engineered in our final whole-cell biosensor strain is presented in Figure 2.5. For 
additional information concerning the lycopene production pathway in our yeast whole-cell 
biosensor, see Ostrov et al.40 
2.2.3 Detection of fungal pathogen clinical isolates with a yeast biosensor 
 Next, we challenged our biosensor for detection of naturally secreted mating peptide 
biomarkers using clinically isolated Paracoccidioides strains. Paracoccidioidomycosis (PCM), an 
invasive fungal infection endemic to Latin America, is one of many neglected tropical diseases 
that primarily affect poor populations and lack systematic surveillance.41 PCM is caused by 
inhalation of airborne conidia produced by mycelium of the soil ascomycete P. brasiliensis.42  
 Specifically, we challenged our yeast whole-cell biosensor to detect cultured mycelial P. 
brasiliensis isolated from human patients. Biosensor cells expressing P. brasiliensis Ste2p-like 




were mixed with spent supernatants from two clinically isolated Paracoccidioides strains. In 
response, we observed lycopene production well above the visible threshold (Figure 2.5). Secreted 
mating peptides were similarly detected from clinical isolates of C. albicans and H. capsulatum 
(Figure 2.5). The peptide produced by H. capsulatum, the causative agent of histoplasmosis,43 is  
identical to that of P. brasiliensis and could be detected using the same biosensor strain. 
2.2.4 Engineering a yeast biosensor to detect peptide biomarkers from other pathogens 
 In the yeast whole-cell biosensor described above, sensing of the biomarker (a-factor-like 
peptide pheromone) is accomplished by heterologous expression of the ligand’s cognate receptor 
(Ste2p-like GPCR). However, this approach limits detection to pathogenic ascomycetes with either 
functional or vestigial a-factor/Ste2p-like peptide-GPCR pairs. To expand the possible 
 Figure 2.5 Yeast whole-cell biosensor for 
detection of fungal pathogens 
A: Overview of biosensor components. 
Highly specific fungal Ste2p-like GPCRs 
provide sensitive response to fungal a-
factor-like peptide biomarkers. Activation of 
the downstream mating signaling pathway 
induces transcriptional activation of 
biosynthetic genes for production of red 
lycopene pigment visible to the naked eye. 
FMN, flavin mononucleotide; FAD, flavin 
adenine dinucleotide; FPP, farnesyl 
pyrophosphate; GGPP, geranylgeranyl 
pyrophosphate. B: Color signal as shown in 
paper-based dipstick assay. Scale bars, 
0.5cm. C: Lycopene production induced by 
culture supernatant from clinically isolated 
fungal pathogens. Lycopene per cell 
measured by spectroscopy at 9 hours. **P £ 





applications of our yeast biosensor, we propose using directed evolution in a step-wise fashion to 
evolve fungal Ste2p-like GPCRs to detect any peptide biomarker. As a case study, we present here 
a hypothetical yeast biosensor for the detection of Ebola virus (see Figure 2.6). 
 The Ebola Hemorrhagic Fever (EHF), induced by infection of the Ebola virus (EBOV), 
poses a significant health and national security threat in the United States and abroad, with case 
fatality rate >50%.44 However, prompt diagnosis and isolation of afflicted patients can 
dramatically slow these explosive epidemics.45 Unfortunately, current detection methods (PCR, 
ELISA)46 are too expensive and technically demanding to be widely administered in resource-poor 
countries such as those affected by the recent West African EBOV outbreak. Therefore, the 
development of a low-cost, low-tech diagnostic assay for EBOV infection is of upmost importance 
to our national security47 and the welfare of citizens of affected countries. 
 The first step in developing an EBOV yeast biosensor is the selection of a specific EBOV 
biomarker. Of the seven elements encoded by the EBOV viral genome, a soluble glycoprotein 
(sGP) has been shown to be efficiently secreted from infected cells and exist in significant amounts 
in the sera of infected patients.48,49 Comparison by BLAST of the sGP of the current EBOV strain 
(AC KJ660346.2) with the ZEBOV Mayinga strain 76 sGP (AC P60170), isolated from a 1976 
outbreak and widely used for laboratory study, reveals 99% homology. This suggests that sGP 
could be used as a conserved specific biomarker for diagnosis of EBOV infection. Guided by the 
natural fungal peptide pheromones that bind Ste2p-like GPCRs, an 8-20mer peptide biomarker 
would be selected from the predicted trypsinized peptide fragments of sGP, taking care to avoid 
fragments with N-glycosylation that may interfere with transport across the yeast cell wall.50 We 




a-factor-like peptide pheromones described in Figure 2.2, as it would provide a starting point for 
directed evolution (DE). 
 The second step in developing an EBOV yeast biosensor is the stepwise directed evolution 
of the chosen Ste2p-like GPCR to bind a selected peptide fragment of sGP. To engineer a Ste2p-
like GPCR that selectively binds an EBOV sGP small peptide, we would employ an incremental 
stepwise DE strategy that relies on intermediate peptides that bridge the gap in homology between 
the chosen sGP fragment and the native peptide ligand of the parent GPCR.51 Standard approaches 
such as error-prone PCR or family shuffling would be used to generate libraries of mutant 
receptors.52,53 Ultimately, we would test the fitness of the EBOV yeast biosensor to detect the 
presence of the target peptide biomarker from recombinant sGP produced using established 
methods,54 before determining the ability of the yeast biosensor to detect actual sGP in clinical 
samples. If successful, we believe this general method could be leveraged to generate yeast whole-













Figure 2.6 Overview of a proposed EBOV 
yeast biosensor 
A peptide-centric directed evolution approach 
permits direct use of hybrid peptides that march 
from the native yeast alpha factor to a target EBOV 
soluble glycoprotein (sGP) peptide fragment. The 
sGP peptide selectively binds an engineered 
Ste2p-like GPCR expressed in yeast, activating 
lycopene synthesis. If EBOV is sGP is present in a 






 In this chapter, we demonstrated the feasibility and robustness of pathogen detection using 
engineered S. cerevisiae. We achieved sensitivity and specificity levels comparable to those of 
mammalian, whole-cell, antibody, and nucleic acid assays, all of which are significantly more 
expensive and technically demanding. Our assay can be manufactured cheaply on a large scale by 
leveraging existing infrastructure for yeast culture, widely distributed as a stable dried product for 
household use, and readily detected by the naked eye. 
 Although the lycopene readout already provides a robust yes/no response, the response 
could be further enhanced through promoter optimization, signal amplification feedback loops, 
alternate lycopene biosynthetic enzymes, or engineering of the receptor/G protein interaction. 
Additionally, total assay specificity could be increased by incorporating additional positive and 
negative biosensor spots for other target and off-target pheromones. 
 Last, we propose that our yeast whole-cell biosensors could be expanded to detect peptide 
biomarkers for any pathogen through directed evolution. Using Ebola virus as a case study, we 
describe a general method by which stepwise directed evolution could be used to evolve a Ste2p-
like GPCR to detect a tryptic fragment of the Ebola secreted glycoprotein (sGP). If successful, our 
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Engineering multicellular systems is one of the next breakthroughs for Synthetic Biology. 
A key bottleneck to building multicellular systems is the lack of a scalable signaling language with 
a large number of interfaces that can be used simultaneously. Here, we present a modular, scalable, 
intercellular signaling language in yeast based on fungal mating peptide/G-protein-coupled 
receptor (GPCR) pairs harnessed from nature. First, through genome-mining, we assembled 32 
functional peptide-GPCR signaling interfaces with a range of dose-response characteristics. Next, 
we demonstrated that these interfaces can be combined into two-cell communication links, which 
serve as assembly units for higher-order communication topologies. Finally, we construct 56 
functional two-cell links, which we use to assemble three- to six-member communication 
topologies and a three-member interdependent community. Importantly, our peptide-GPCR 
language is scalable and tunable by genetic encoding, requires minimal component engineering, 
and can be further expanded through our genome mining pipeline or directed evolution.  
3.1.1 Cell-cell communication is an essential component of multicellularity 
 The step from unicellular to multicellular organisms is considered one of the major 
transitions in evolution.1 Phylogenetic inference suggests that cell-cell communication, adhesion, 
and differentiation constitute the key genetic traits driving this transition.2 Accordingly, cell-cell 
communication plays an important role in many complex natural systems, including microbial 
biofilms,3,4 multi-kingdom biomes,5,6 stem cell differentiation,7 and neuronal networks.8 In nature, 
communication between species or cell types relies on a large pool of both promiscuous and 




simple ions and small organic molecules up to highly information-dense macromolecules 
including RNA, peptides, and proteins. This diverse pool of signals allows cells to process 
information robustly and precisely, therefore enabling the emergence of properties such as fate 
decisions, memory, and the development of form and function.  
3.1.2 Engineering synthetic communication via quorum sensing 
In contrast, current approaches to engineering synthetic biological communication mostly 
rely on a single signaling modality: quorum sensing (QS), a cell density-based communications 
system used by many bacteria.9 The discovery of bacterial QS almost 50 years ago10 led to a 
paradigm shift in synthetic microbial ecology. This enabled the engineering of systems with 
synthetic pattern formation,11 cellular computing,12,13 controlled population dynamics,14,15 and 
other emergent properties.16 QS has been exported from bacteria into plants17 and mammalian 
cells18 and inspired our effort to build an extensible communication language. 
The major class of QS is based on diffusible acyl-homoserine lactone (AHL) signaling 
molecules generated by AHL synthases and AHL receptors that function as transcription factors. 
These factors regulate gene expression in response to AHL signals. Currently, only four AHL 
synthase/receptor pairs are available for synthetic communication, with three pairs successfully 
used together.19 Scaling the QS components to make new orthogonal communication interfaces is 
challenged by the fact that many of the known receptors exhibit crosstalk.20,21 While it is possible 
to eliminate crosstalk by receptor evolution,22 scaling the number of unique AHL ligand/receptor 
pairs by laboratory evolution requires the concerted engineering of AHL biosynthesis and receptor 
specificity. 
Communication has also been engineered using autoinducer peptides (AIP)23 and 




by the interdependence of multiple required signaling components. AIPs are a class of post-
translationally modified peptides sensed by a membrane-bound two-component system.25 AI-2 is 
a family of 2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran or furanosyl borate diester isomers, 
synthesized by LuxS from S-ribosylhomocysteine followed by cyclization to a range of AI-2 
isoforms26,27 and recognized by the transcriptional regulator LsrR.28 It was shown that the response 
characteristics and the promoter specificity of LsrR can be engineered,29,30 and that cell-cell 
communication can be tuned by using various AI-2 analogues.24 However, the complexity of signal 
biosynthesis and reliance on specific transporters for signal import and export28 complicates the 
potential scalability of these systems in terms of available unique communication interfaces. 
Recently, mammalian Notch receptors have been repurposed to engineer modular 
communication components for mammalian cells. Impressively, 16 distinct SynNotch receptors 
were engineered and pairs of two were employed together;31 however, SynNotch receptors are 
contact-dependent and therefore are only suitable for short-range communication, which is 
conceptually different from long-range communication through diffusible signals. 
3.1.3 Fungal mating provides natural interfaces for cell-cell communication 
 Ideally, a synthetic language would consist of an easily scalable set of independent 
interaction channels without crosstalk. In Chapter 2, we demonstrated through our recent work on 
yeast biosensors that fungal mating GPCRs couple well to the conserved yeast MAP-kinase 
signaling cascade.32 As such, we hypothesized that the peptide-GPCR-based mating language of 
fungi could be harnessed as an ideal source of modular parts for a scalable communication 
language. 
 As mentioned in Section 2.1.3, fungi use peptide pheromones as signals to mediate highly 




translated by the ribosome. The a-factor-like peptides, which are typified by the 13-mer S. 
cerevisiae mating pheromone a-factor, are secreted through the canonical secretion pathway 
without covalent modifications. Peptide pheromones are sensed by specific GPCRs (Ste2p-like 
GPCRs) that initiate fungal sexual cycles.34 Importantly, these peptide pheromones (9-14 amino 
acids in length) are rich in molecular information and the composition of peptide pheromone 
precursor genes is modular, consisting of two N-terminal signaling regions–pre and pro–that 
mediate precursor translocation into the endoplasmic reticulum and transiting to the Golgi, 
followed by repeats of the actual peptide sequence separated by protease processing sites. This 
modular precursor composition allows bioinformatic inference of mature peptide ligand sequences 
from available genomics databases. GPCRs from mammalian and fungal origin have been used on 
a small scale (two to three GPCRs) to engineer programmed behavior and communication35,36 and 
cellular computing.37 However, the potential of leveraging the vast number of naturally evolved 
mating peptide-GPCR pairs as a scalable signaling language remains untapped. 
3.2 Results 
3.2.1 Genome-mining yields a pool of functional peptide-GPCR pairs 
 After previously demonstrating that fungal Ste2p-like GPCRs couple well to the S. 
cerevisiae pheromone response pathway (Section 2.2.1), we mined additional Ascomycete 
genomes, generating a list of 45 peptide-GPCR pairs (Appendix 6.1). Sequences of mature peptide 
ligands were taken from literature or inferred from peptide precursor sequences (Appendix 6.1). 
In some cases, inference of mature peptide sequences was hampered by ambiguous protease 













Figure 3.1 Genome-mining yields a scalable pool of peptide-GPCR interfaces 
A: Pipeline for component harvest and communication assembly. Upper Panel: mining of Ascomycete genomes 
yields a scalable pool of peptide-GPCR pairs. Middle Panel: GPCR activation can be coupled to peptide secretion 
to establish two-cell communication links. The secreted peptide serves as the outgoing signal sensed by the 
second cell. Lower Panel: Scalable communication networks can be assembled in a plug-and-play manner. B: 
GPCRs and peptides can be swapped by simple DNA cloning. Conservation in both GPCR signal transduction 
and peptide secretion enables scalable communication without any additional strain engineering. Mating GPCRs 
couple to the S. cerevisiae Ga protein (Gpa1p) and signals are transduced through a MAP-kinase-mediated 
phosphorylation cascade. Gene activation is then mediated by the transcription factor Ste12p through binding of 
a pheromone response element (PRE, gray) in the promoters of mating-associated genes (e.g. FUS1 and FIG1). 
Peptides are translated by the ribosome as pre-pro peptides that start with an N-terminal secretion signal (light 
blue), followed by Ste13p and Kex2p recognition sites (gray and yellow, respectively). Mature secreted peptides 
(red) are processed while trafficking through the ER and Golgi. C: Most genome-mined peptide-GPCR pairs are 
functional in yeast. Functionality of 45 peptide-GPCR pairs was evaluated by on/off testing with 40µM cognate 





variation in its peptide ligands was evaluated by incorporating alternate peptide sequence 
candidates into our analysis (Appendix 6.2). Functionality of heterologous mating GPCRs in S. 
cerevisiae requires proper insertion into the membrane and coupling to the S. cerevisiae Ga 
subunit (Figure 3.1). Genome-mined GPCRs showed from 17 to 68% amino acid sequence 
homology to the S. cerevisiae Ste2 GPCR, but most of them showed higher conservation at specific 
intracellular loop motifs known to be important for Ga coupling (Appendix 6.1 and Figure 3.2). 
Functionality of peptide-GPCR pairs was assessed using a standardized workflow in which codon-
optimized GPCR genes were expressed in S. cerevisiae and tested for a positive response to 
synthetic peptide ligands using a FUS1 promoter inducible red fluorescent protein (yEmRFP)38 
signal as a read-out. The simple chemistry of peptide synthesis facilitated GPCR characterization 
as any short peptide sequence is commercially available. GPCRs were expressed from the TDH3 
promoter using a low-copy plasmid.  
c 
a b 
Figure 3.2 Conserved motifs reported to be important for GPCR signaling 
A: Detailed view of the receptor topology with seven transmembrane helices. Key regions involved in signaling 
are highlighted in green and blue. B-C: Residue conservation among the herein reported fungal GPCRs for the 
highlighted regions. Sequence logos were generated using multiple sequence alignments generated with Clustal 





We engineered a read-out strain for our fluorescence assay by deleting both endogenous 
mating GPCR genes (STE2 and STE3), all pheromone genes (MFA1/2 and MFALPHA1/2), BAR1 
and SST2 to improve pheromone sensitivity, and FAR1 to avoid growth arrest (Appendix 6.13). 
We constructed the read-out strain in both mating-type genetic backgrounds. Although we used 
the MATa-type for language characterization herein, we confirmed language functionality in the 
MATa-type using a subset of GPCRs (Figure 3.3).  
Remarkably, 32 out of 45 tested GPCRs (71%) gave a strong fluorescence signal in 
response to their inferred synthetic peptide ligand (ligand candidate #1, Appendix 6.2) (Figures 
3.1 and 3.4). Two GPCRs (TdSte2 and AgSte2) were constitutively active and showed 
fluorescence levels > threefold above the basal levels of the other GPCRs in the absence of peptide 
but showed an increase in activation in the presence of peptide (Figure 3.4). Eleven GPCRs did 
not respond to the initially inferred peptide ligand candidate (Appendix 6.2, Figure 3.4). One of 
these eleven GPCRs (SheSte2) could be activated when using an alternate near-cognate peptide 
ligand candidate (in this specific case the near-cognate candidate has two additional N-terminal 
residues), indicating that we had initially inferred the wrong peptide sequence (Figure 3.4). 
Figure 3.3 Verification of the peptide-GPCR language in a- and alpha-mating types 
Functionality of three peptide-GPCR pairs was verified in both mating-types. Strains yNA899 (MATa) and 
yNA903 (MATa) were transformed with the appropriate GPCR expression construct as well as with a plasmid 
encoding for a FUS1p-controlled red fluorescent read-out. Fluorescence was recorded after 12 hours of 
incubation with serial dilutions of synthetic peptide. Experiments were run in triplicate and error bars represent 











Figure 3.4 Basal and maximal activation levels of all tested peptide-GPCR pairs 
JTy014 was transformed with the appropriate GPCR expression construct. Cells were cultured in the presence or 
absence of 40µM cognate synthetic peptide ligand. The peptide sequence #1 (Appendix 6.1) was used for each 
GPCR. OD600 and fluorescence were recorded after eight hours. Experiments were performed in 96-well plates 
(200µl total culture volume), run in triplicate, and error bars indicate the standard deviation. A: Functional GPCR 
pairs. B: Constitutive GPCRs and their additional activation by cognate peptide ligand. C: Non-functional GPCRs. 





3.2.2 Peptide-GPCR pairs show a range of response characteristics 
 After initial on/off screening, we measured dose-response curves for all 32 functional 
GPCRs and extracted parameters crucial for establishing communication: sensitivity of GPCRs 
(EC50), basal and maximal activation (fold-change activation), dynamic range (Hill coefficient), 
orthogonality, reversibility of signaling, and population response behavior (Appendix 6.4; Figures 
3.5 and 3.6). Sensitivity of the GPCRs for their cognate ligand gave an EC50 range of ~ 1-104 nM, 
with the natural S. cerevisiae Ste2 exhibiting the highest sensitivity of 1.25nM. This is comparable 
to the sensitivity of available QS systems.19 Functional GPCRs displayed between 1.3- and 17-
fold activation. While this range is, on average, lower than the available QS systems,19 our fold 
activation is comparable to other engineered GPCR-based signaling systems in yeast and 
mammalian cells.39,40 Response behaviors ranged from a grade response (analog) with a wide 
dynamic range to switch-like (digital) behavior with a very narrow dynamic range.  
When we characterized dose responses at the single-cell level, we observed a subset of 
non-responding cells, likely due to plasmid copy number noise. Genomic integration of the GPCRs 
abolished this non-responding sub-population (Figure 3.7). Importantly, we could deactivate and 
reactivate GPCR signaling several times with either no or minimal lengthening of response time 
(Appendix 6.5). Pairs of GPCRs could also be co-expressed in a single cell in order to allow for 









Figure 3.5 Dose-response curves for all functional peptide-GPCR pairs 
Strain JTy014 was transformed with the appropriate GPCR expression constructs. Each strain was tested with its 
cognate synthetic peptide. GPCR activation was monitored by activation of a red fluorescent reporter gene under 
the control of the FUS1 promoter. Data were collected after eight hours. Experiments were run in triplicate, and 






Figure 3.6 GPCRs are naturally orthogonal and peptides are functionally secreted 
A: Experimental framework for GPCR characterization. Performance of each peptide-GPCR pair was evaluated 
by recording its dose-response to synthetic cognate peptides, using fluorescence as read-out. Parameters were 
extracted by fitting each curve to a four-parameter non-linear regression model using PRISM GraphPad. 
Experiments were done in triplicate and errors represent the SD. B: The GPCRs cover a wide range of response 
parameters. Th EC50 values of peptide-GPCR pairs are plotted against fold change in activation. Parameter values 
with errors can be found in Appendix 6.4. C: GPCRs are naturally orthogonal across non-cognate synthetic peptide 
ligands. A 30 ´ 30 orthogonality matrix was generated by testing the response of 30 GPCRs across all 30 peptide 
ligands (10µM concentration).The fluorescence signal was normalized to 100% by the maximum activation of 
each GPCR (not necessarily its cognate ligand) and the threshold for categorizing orthogonality was set to ³ 15%. 
Experiments were performed in triplicate. GPCRs are organized according to a phylogenetic tree of the protein 
sequences. D: Orthogonality of peptide-GPCR pairs when peptides are secreted. The 15 best performing pairs 
(marked in red in panels A-C) were chosen for secretion. Experiments were performed by combinatorial co-
culturing strains constitutively secreting one of the indicated peptides with strains expressing one of the indicated 
GPCRs, with a FUS1 pheromone-inducible fluorescent read-out. Experiments were performed in triplicate and 
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Figure 3.7 Genomic integration of GPCRs improves population response 
Flow cytometry was used to investigate the response behavior for three GPCRs on the single cell level when 
exposed to increasing concentrations of their corresponding peptide ligand. A-C: GPCRs are encoded on low-
copy plasmids and the fluorescent read-out is genomically integrated at the HO locus. D-F: GPCRs are integrated 
into the STE2 locus and a FUS1 promoter-controlled yEmRFP read-out is integrated at the HO locus. For each 
sample 50,000 cells were analyzed using a BD LSRII flow cytometer (excitation: 594nm, emission: 620nm). The 
fluorescence values were normalized by the forward scatter of each event to account for different cell size using 
FlowJo software. Data of a single experiment are shown, but data were reproduced several times. 
  
Figure 3.8 Co-expression of orthogonal GPCRs 
Strains ySB315 (ClSte2 and SjSte2) and ySB316 (BcSte2 and SoSte2) were transformed with pSB14 (encoding a 
FUS1 promoter-controlled yEmRFP read-out). Each strain was tested with each individual cognate synthetic 
peptide as well as concurrent activation with both cognate peptides. Data were collected after eight hours. 





3.2.3 The majority of fungal peptide-GPCR pairs are naturally orthogonal 
Next, we assessed pairwise orthogonality for a subset of 30 peptide-GPCR interfaces by 
exposing each GPCR to all non-cognate peptide ligands. The test concentration for assessing pair 
orthogonality was set at 10µM of a given peptide ligand, and the threshold for categorizing cross-
activation was set to be ³ 15% activation of a given GPCR by a non-cognate ligand. Maximum 
activation of each GPCR (not necessarily by its cognate ligand) was set to 100% activation. As the 
Figure 3.9 17 GPCRs are fully orthogonal 
17 GPCRs are fully orthogonal and not activated by the other 16 non-cognate peptide ligands, using ³ 15% 





chosen test concentration of 10µM is three orders of magnitude higher than typically achieved by 
peptide secretion (1-10nM), we rationalized that it would be a stringent selection criterion to yield 
peptide-GPCR pairs that would be fully orthogonal within our language. Typical values of cross-
activation were between 16 and 100%. The GPCRs showed a remarkable level of natural 
orthogonality (Figure 3.6). In total, 14 out of 30 GPCRs were exquisitely orthogonal and only 
activated by their cognate peptide ligand. Five GPCRs were activated by only one additional non-
cognate peptide ligand, and 11 GPCRs were activated by several non-cognate ligands. From these 
results, manual curation yielded a set of 17 unique peptide-GPCR interfaces within our design 
constraints that can be used together in our language (17 GPCRs each orthogonal to all 16 non-
cognate ligands) (Figure 3.9). 
3.2.4 GPCR response characteristics are tunable by ligand recoding 
 Next, we wanted to validate the robustness of our ability to infer a GPCR’s peptide ligand. 
Thus, we recorded dose-response curves for a subset of 19 GPCRs to possible alternate near-
cognate peptide ligand candidates. 14 out of the 19 GPCRs were also activated by these near-
cognate peptides (Figure 3.10), suggesting that the employed bioinformatic ligand inference 
strategy did not require precise interpretation of the exact precursor processing. In fact, near-
cognate ligands could be harnessed to induce significant changes in EC50, fold activation, and 
dynamic range for most peptide-GPCR pairs. For example, SoSte2 changed its response 
characteristics from gradual to switch-like when three additional residues were included at the N-
terminus of its peptide. The degree and nature of changes were unique to each peptide-GPCR pair. 
We explored this feature further by alanine scanning the peptide ligand of CaSte2. These 
simple one-residue exchanges elicited shifts in EC50 and fold change (Figure 3.11). We further 




(Figure 3.11). While some GPCRs retained stable response parameters across a variety of peptide 
ligands, most GPCR response parameters could be modulated when exposed to these peptide 
variants. Combined, these results imply the exciting opportunity to tune the response 
characteristics of a given GPCR by simply recoding the peptide ligand instead of engineering the 
GPCR itself–a feature that can be exploited in future efforts.  
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Figure 3.10 Dose-response of GPCRs to alternative peptide ligand candidates 
Strain JTy014 was transformed with the appropriate GPCR expression constructs. Each strain was tested with the 
indicated synthetic peptide ligands. GPCR activation was monitored by activation of a FUS1 promoter-controlled 
yEmRFP fluorescence read-out. Data were collected after 12 hours. Experiments were run in triplicate; error bars 





3.2.5 Peptides are functionally secreted 
After assessing peptide-GPCR functionality with synthetic peptides, we tested whether the 
peptides could be functionally secreted. The possibility of peptide secretion from S. cerevisiae 
through its conserved sec pathway has been demonstrated elsewhere,41 but the feasibility across a 
wide sequence space was unclear. The amino acid sequences of 15 peptides were cloned into a 
peptide secretion vector, designed based on the a-factor pre-pro-peptide architecture (Figure 3.12, 
Appendix 6.6). The 15 peptides were chosen based on the favorable dose-response characteristics 
(low EC50 and high fold change) of the corresponding peptide-GPCR pairs. 
 To test for peptide secretion, we employed the appropriate GPCR/fluorescent-read-out 
strains as peptide sensors in a liquid assay as well as a fluorescent halo assay. All peptides could 






































































Figure 3.11 Dose-response of promiscuous GPCRs and alanine-scanned peptide ligands 
A: Strain JTy014 was transformed with the appropriate GPCR expression constructs. Each strain was tested with 
its cognate synthetic peptide ligand #1 and all non-orthogonal peptide ligands identified from Figure 3.6. B: Strain 
JTy014 was transformed with the CaSte2 expression construct. The resulting strain was tested with the indicated 
synthetic peptide ligands, derived from alanine-scanning of the CaSte2 cognate peptide ligand. Data for all 






be secreted from S. cerevisiae, but the amount of peptide secretion was dependent on the peptide 
sequence (Figure 3.13). Combinatorial co-culturing of secreting and sensing strains validated that 
peptide-GPCR pair orthogonality was retained when peptides were secreted (Figure 3.6). 
3.2.6 Two-cell links serve as minimal signaling units 
 Next, we established functional communication by coupling GPCR signaling to peptide 
secretion. We conceptualized our language to be built from two-cell links as the minimal signaling 
units that can be easily characterized and assembled into higher-order communication topologies 
(Figure 3.14). In brief, in a c1-c2 two cell link, cell c1 senses peptide p1 by expressing GPCR g1. 
GPCR g1 activation leads to secretion of peptide p2 from cell c1, sensed by cell c2 through GPCR 
g2. GPCR g2 signaling is coupled to a fluorescent read-out. Dose-dependent transfer of 
information through each link can be assessed by exposing cell c1 to an increasing dose of 
synthetic peptide p1 and measuring an increase in fluorescence in cell c2. In this manner, each 
two-cell link can be characterized by a signal transfer function (p1 dose to c2 response) making it 
Figure 3.12 Overview of the peptide acceptor vector 
A: Schematic representation of the S. cerevisiae a-factor precursor architecture with the secretion signal (blue), 
Kex2 (gray), and Ste13 (orange) processing sites and three copies of the peptide sequence (red). B: Overview on 
pre-pro-peptide processing, resulting in mature a-factor. C: Schematic representation of the peptide acceptor 
vector. The peptide expression cassette includes either a constitutive promoter (ADH1p) or a pheromone-inducible 
promoter (FUS1p or FIG1p), the a-factor pro sequence with or without the Ste13 processing site, a unique (AflII) 





easy to identify optimal links for a given topology. In order to test the assembly of functional two-
cell links, we chose eight fully orthogonal peptide-GPCR pairs and characterized the complete 
combinatorial set of 56 possible links (all possible non-cognate combinations). In all 56 cases, 
activation of the g1 GPCR resulted in a graded, p1-concentration-dependent fluorescence signal 
in c2.  
Figure 3.13 Processing sites affect the secretion of peptide ligands 
Peptide expression cassettes with and without the Ste13 processing site (EAEA) were cloned under control of the 
constitutive ADH1 promoter. Peptide expression constructs were used to transform strain yNA899 and the 
resulting strains were co-cultured with a sensing strain expressing the cognate GPCR and a fluorescent read-out. 
Secretion and sensing strains were co-cultured in a 1:1 ratio in 96-well plates and fluorescence was measured 
after 12 hours. Experiments were run in triplicate; error bars indicate standard deviation. An unpaired t-test was 
performed for each peptide with an alpha value=0.05. A single asterisk indicates a P value <0.05; a double asterisk 






Figure 3.14 Two-cell communication links yield various communication topologies 
A: Illustration of minimal two-cell links. B: Functional information transfer through all 56 links established from 
eight orthogonal peptide-GPCR pairs. Heatmaps show the fluorescence/OD600 value of c2 after exposing c1 to 
increasing doses of p1. C: Overview of the implemented communication topologies. Gray nodes: cells are able 
to process one input (express one GPCR) giving one output (secrete one peptide). Blue nodes: cells are able to 
process two inputs (OR gates, express two GPCRs) giving one output (secrete one peptide). Orange nodes: cells 
constitutively secrete the peptide for the next counter-clockwise neighbor, and report on ring closure via a 
fluorescent read-out upon receiving a peptide signal from the clockwise neighbor. Red nodes: cells are able to 
receive a signal and respond via a fluorescent read-out. D: Ring topologies with an increasing number of members 
were established. An interrupted ring, with one member dropped out, was used as the control. The fold-change 
in fluorescence between the full-ring and the interrupted ring is indicated for each topology. E-F: A three-yeast 
bus topology (E) and a six-yeast branched tree topology (F) were also implemented. Fluorescence was measured 
after induction with all possible combinations of the three input peptides (zero, one, two, or three peptides). The 
numbers above the bars indicate the fold-change in fluorescence over the no-peptide induction value. 





3.2.7 Two-cell links can be used to build communication topologies 
 Next, we tested if our language could be used to link multiple yeast strains and build 
synthetic multicellular communities. The functional capabilities of single engineered organisms 
are limited by their capacity for genetic modification. Multi-membered microbial consortia, 
engineered to cooperate and distribute tasks, show promise to unlock this constraint in engineering 
complex behavior. For example, we envision engineering sense-response consortia composed of 
yeast that sense a trigger, e.g. a pathogen,32 and yeast that respond, e.g. by killing the pathogen 
through secretion of an antimicrobial.42 Further, consortia have shown distinct advantages for 
metabolic engineering, such as distribution of metabolic burden, as well as parallelized, modular 
optimization and implementation.43,44 These consortia have applications in degrading complex 
biopolymers like lignin, cellulose,45 or plastic.46 
 First, we combined the established two-cell communication links into a scalable paracrine 
ring topology. A ring is a network topology in which each cell cx connects to exactly two other 
cells (cx-1 and cx+1), forming a single continuous signal flow. The ring topology can be efficiently 
scaled by adding additional links. Failure of one of the links in the ring leads to complete 
interruption of information flow, allowing simultaneous monitoring of the functionality and 
continued presence of all ring members. We combined the two-cell links into rings of increasing 
size, from two to six members (Figure 3.14). Information flow was started by cell c1 constitutively 
secreting the peptide sensed by cell c2 through GPCR g2. Peptide sensing in cell c2 was coupled 
to secretion of peptide p3 sensed by cell c3 through GPCR g3. In this manner, peptide signals were 
transmitted around the ring. Our N-member ring is closed by cell cN secreting the peptide sensed 





 We started with assembling a two- and a three-membered ring (Figure 3.14). An interrupted 
ring, with one member dropped out, was used as a control, and the results are reported as fold 
change in fluorescence between the full and the interrupted ring. We used colony PCR to assess 
the culture composition over time in the three-member ring. Due to differential growth behavior 
of individual strains, we observed that single strains eventually took over the culture (Figure 3.15). 
We hypothesize that differential growth phenotypes are partly caused by the expression and 
secretion burden of specific combinations of GPCRs and peptides. Then, in order to test for 
inherent scalability, we increased the number of members in the communication ring stepwise 
from three to six members (Figure 3.14, Topologies 1-5). 
 To test if we could achieve a different interconnected communication topology, we also 
implemented a branched tree topology using cells co-expressing two GPCRs and accordingly 
being able to process two inputs (dual-input nodes). Such topologies allow integration of multiple 
information inputs and report on the presence of at least one of these distributed inputs. We first 






















Figure 3.15 Colony PCR confirms the presence of co-cultured strains 
Samples were taken from a representative three-yeast communication loop plated to get single colonies on 
selective SD plates. Colony PCR was performed on 24 colonies for each time-point, running three separate PCR 
reactions in parallel, one for each strain using the integrated GPCR sequence as the strain-specific tag. The three 
separate PCR reactions were then pooled and visualized on a gel, and bands were counted to determine the ratios 
of the three communication strains. OD600 and red fluorescence measurements were taken in triplicate and 




(Figure 3.14, Topology 6). We then added two branches upstream of the three-yeast bus and a side 
branch, leading to a six-yeast tree with two dual-input nodes (Figure 3.14, Topology 7). To test 
functionality of communication, we started the information flow by adding the synthetic peptide 
ligand(s) recognized by the yeast cells starting each branch (we compared single, dual, and triple 
inputs) (Figure 3.14). Only the last yeast cell encoded a peptide-controlled fluorescent readout, 
enabling measurement only once information traveled successfully through the topology by 
comparing the fold change in fluorescence compared with not adding starting peptide. 
 
 
Figure 3.16 Constructing an interdependent microbial community 
A: Illustration of the interdependent microbial communities mediated by the peptide-based synthetic 
communication language. Peptide-signal interdependence was achieved by placing an essential gene (SEC4) under 
GPCR control. In the featured three-yeast ring c1, c2, and c3 secrete the peptide needed for growth of the cx-1 
member of the ring. Peptides are secreted from the constitutive ADH1 promoter. B-C: Growth of the three-
membered interdependent microbial community over > 7 days. Communities lacking an essential member 
collapsed after approximately two days. Three-membered communities were seeded in a 1:1:1 ratio, controls were 
seeded using the same cell numbers for each member as for the three-membered community. All experiments were 
run in triplicate and error bars represent the standard deviation. D: The composition of the culture was tracked 
over time by taking samples from one of the triplicates at the indicated time point, plating the cells on media 





3.2.8 Peptide-signal dependence enables interdependent communities 
 Finally, to demonstrate the utility of our language, we made a synthetic, interdependent 
microbial community. We leveraged the orthogonal signal interfaces to render yeast cells mutually 
dependent based on peptide-signal control of essential gene expression. Engineered 
interdependence is of central importance for synthetic ecology as it can be used to enforce the 
integrity of a synthetic community. Current approaches to engineer mutual dependence in synthetic 
communities rely on metabolite cross-feeding,44 which drastically limits the number of members 
that can be rapidly added to such a microbial community. Furthermore, metabolite cross-feeding 
requires metabolically expensive molecules at substantial molar concentration. Our peptide-signal-
Figure 3.17 Overview of Ste12* and OSR promoters 
A: The natural pheromone-inducible transcription factor Ste12 is composed of a DNA-binding domain (DBD), a 
pheromone-responsive domain (PRD), and an activation domain (AD). An orthogonal Ste12* was engineered by 
replacing the DBD with the zinc-finger-based DNA binding domain 43-8. The Ste12* binds to a zinc-finger 
responsive element (ZFRE) in a given synthetic promoter. The Ste12* no longer recognizes the natural pheromone 
response element (PRE). B: Dose-response curves of BcSte2 using yEmRFP driven by OSR2 and OSR4 as read-
out. The lower panel compares the basal transcription levels of the OSR promoters to that of the FUS1 promoter, 
which is relatively leaky. Designed OSR promoters feature a core promoter with an upstream 8x repetitive ZFRE 




based interdependence is conceptually different from cross-feeding metabolites as we use 
interfaces that are orthogonal to the cellular metabolism, which allow scaling the number of 
community members by peptide-GPCR gene swapping and which are sensitive enough to function 
at low nanomolar signal concentrations. 
 In order to engineer mutually dependent strain communities, we placed an essential gene 
under GPCR control (Figure 3.16). We chose SEC4 as the target essential gene due to its 
performance in a previous study.47 We engineered an orthogonal Ste12* transcription factor and a 
set of tightly-controlled orthogonal Ste12*-responsive promoters (OSR promoters), matching the 
dynamic range to the expected intracellular SEC4 levels (Figure 3.17). We replaced the natural 
SEC4 promoter with one of the OSR promoters in strains expressing either the BcSte2, CaSte2, or 
Vp1Ste2. As expected, the resulting strains were dependent on peptide for growth and showed 
peptide/growth EC50 values in the nanomolar range, a concentration range achievable by secretion 
(Figure 3.18). All strains were transformed with either of the two non-cognate constitutive peptide 
expression plasmids. The resulting six strains were used to assemble all three combinations of 
interdependent two-member links, and we verified their growth in strict mutual dependence over 
> 60 hours, or approximately 15 doublings. The growth rate of the two-membered consortia was 
thereby dependent on the member identity, probably defined by the secreted amount of a given 
peptide and the dose-response characteristics of a given GPCR. We then scaled the interdependent 
community to three members and demonstrated stable mutually-dependent growth of this three-
member cycle over > 7 days (approximately 50 doublings), while communities missing one 
essential member collapsed (Figure 3.16). We verified the presence of each strain over time (Figure 
3.16). Stable ratios of community members were not reached over the course of this experiment, 




Mathematical modeling as well as experimental parameterization of peptide secretion rates and 
peptide-secretion-linked growth rates will be required to understand and harness these interesting 
dynamics. Once predictable, we envision that “peptide-signal interdependence” will allow fine-
tuning the abundance of each strain in a consortium, eventually allowing one to control abundance 




 Inspired by previous work leveraging bacterial QS to engineer cell-cell communication and 
complex behavior, we repurposed fungal mating a-factor/Ste2p-like peptide-GPCR pairs into a 
signaling language with a scalable number of orthogonal interfaces. We demonstrate that the 
fungal pheromone response pathway naturally provides a large pool of unique signal and receiver 
Figure 3.18 EC50 of growth for peptide-
dependent strains 
After several doublings of the peptide-
dependent strains ySB265 (BcSte2) (A), 
ySB270 (CaSte2) (B), and ySB188 (Vp1Ste2) 
(C) show peptide concentration-dependent 
growth behavior The final OD of this 
experiment (indicated by a dotted box in each 
panel) was used to calculate the EC50 of 
growth for each strain. OD values were 
plotted against the log10-converted peptide 
concentrations and the data were fit to a four-
parameter nonlinear regression model in 




interfaces that can be harnessed to build a modular, synthetic communication language. 
Importantly, these interfaces are readily accessible by genome mining as both the peptides and the 
GPCRs are genetically encoded and can be implemented by simple gene cloning and expression. 
We believe that component diversity can be further scaled and tuned by directed evolution to 
exploit the full information density of the 9-13 amino acid peptide ligands (sequence space > 1014). 
Further, the language can be tuned by ligand recoding, as small changes in the sequence of a given 
peptide ligand alters the response behavior of a given GPCR. Importantly, changing the ligand 
sequence can be achieved by simple cloning and does not require receptor or metabolic 
engineering. In addition, peptides are technically ideal as a signal. Peptides are stable and rich in 
molecular information and virtually any short peptide sequence is readily available through 
commercial solid-phase synthesis. This allows for the rapid characterization and evolution of new 
peptide-sensing mating GPCRs. 
 Our peptide-GPCR language is modular and insulated; thus, it is likely portable to many 
other Ascomycete fungi, from which our component modules are derived. Furthermore, this 
system is potentially portable to animal and plant cells. Its simplicity suggests that the system will 
be easy for other laboratories to adopt, scale, and customize, especially in light of new tools for 
the rational tuning of GPCR-signaling in yeast.48 Importantly, our language is compatible with 
existing and future synthetic biology tools for applications such as biosensing, 
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In this chapter, we present progress towards a sustainable and responsive living 
biomaterial. The proposed engineered living material (ELM) derives its core structure from 
Ganoderma myceliation of agricultural byproducts. The fungal mycelium acts as a resin, binding 
the agricultural substrate together and forming a cohesive composite material that is completely 
biodegradable. We add functionality to the living material through the addition of engineered yeast 
communities that actively sense and respond to environmental cues. 
4.1.1 Engineered Living Materials: An overview 
Curbing the effects of climate change will require innovative and sustainable materials that 
reduce our dependence on precious metals and fossil fuels. While humans have been harvesting 
natural materials such as wood for thousands of years, in the process these biological materials are 
rendered inert, and thus have lost the ability to respond and adapt to the environment. Hybrid 
materials that include a biological component have been developed, including stimuli-responsive 
materials that incorporate Bacillus spores,1 wearable devices that harbor genetically-engineered 
cells,2 and encapsulation of cells in hydrogels for 3D-printing applications.3-5 However, the 
biological component of these hybrid materials is not responsible for generating the overall 
properties of the bulk structure.  
Engineered Living Materials (ELMs) take this one step further. As defined by Nguyen et 
al., ELMs are “engineered materials composed of living cells that form or assemble the material 
itself, or modulate the functional performance of the material in some manner”.6 Thus, unlike 




of cellular biomass or through the secretion of polymeric materials that self-assemble around the 
living component. In addition, because they are living, ELMs can be programmed to perform a 
variety of tasks in response to stimuli over the lifetime of the material. ELMs can either be 
composed entirely of biological components, as is the case for biofilm-based ELMs, or can result 
from the incorporation of external elements, generating composite ELMs. Further, while the 
majority of reported approaches have only been demonstrated on a laboratory scale, paradigm-
shifting ELMs that challenge conventional building materials are also being developed. 
4.1.2 Biofilm-based ELMs 
Biofilm formation enables predominantly single-celled organisms to form complex 
multicellular communities that provide protection from harsh environments, and is observed is 
both bacteria and fungi.7,8 Biofilm-forming strains have already been domesticated for industrial 
applications, and are essential to the fermentation of kombucha and sherry.9,10 As such, 
engineering biofilm formation using synthetic biology is a promising approach for developing 
ELMs. During biofilm formation, cells secrete and assemble extracellular matrix components such 
as polysaccharides, proteins, and DNA. Many bacteria secrete high levels of polysaccharides, 
leading to formation of a cellulose “pellicle” at the air-water interface after stationary culture. 
Synthetic biology has been leveraged to increase cellulose production in Komagataeibacter 
xylinus11 and couple acyl-homoserine lactone (AHL)-based quorum sensing to cellulose 
production in Komagataeibacter rhaeticus.12  
While polysaccharides lead to robust biofilm formation, it is technically challenging to 
control the polymerization and identity of such structures. As such, amyloid-forming proteins 
provide an attractive alternative, as genetic engineering enables more precise control over structure 




Fusion of heterologous protein domains to CsgA is attainable through genetic engineering, and has 
been employed to confer functional properties of peptide domains to curli fibers, enabling specific 
substrate adhesion and inorganic nanoparticle templating.14 Further, the popular 
“SpyTag/SpyCatcher” covalent bioconjugation system,15 in which an amide bond between a 
peptide (SpyTag) rapidly forms with its protein partner (SpyCatcher), has been used to immobilize 
enzymes on the produced biofilm, resulting in ELMs capable of catalysis.16  
4.1.3 Composite ELM materials 
While biofilm-based ELMs have plentiful applications, including bioremediation and 
sustainable fashion,17,18 they are intrinsically ill-suited as building materials for larger structures. 
Composite ELMs address these limitations by combining microorganisms with organic or 
inorganic substrates that provide additional form and function. In one approach, Bacillus spores 
are deposited onto polymeric substrates to create hygroresponsive materials. Bacillus spores swell 
reversibly in response to humidity, enabling the composite ELM to harvest mechanical energy 
from humidity fluctuations.19 However, this approach only relies on the biophysical properties of 
the encapsulated spores rather than any active cellular processes, suggesting that more advanced 
materials could be engineered using live cells. For example, incorporation of fermenting 
Saccharomyces cerevisiae into a standard acrylamide mixture resulted in highly porous hydrogels, 
with superpores caused by CO2 bubbles from cell respiration.20 In addition, fermentation of S. 
cerevisiae with carbon nanotubes (CNTs) produced yeast-CNT bionic composites that exhibited 
superior mechanical, optical, and electrical properties compared with simply mixing yeast and 
CNTs.21  
Composite ELMs have also been developed that leverage engineered bacteria to strengthen 




it is prone to cracking as a result of material defects and weathering, which can undermine its 
integrity and safety. Repairing microcracks can prevent further destabilization and extend the 
longevity of the concrete structure. Many spore-forming bacteria in the bacillus genus, including 
Bacillus cohnii, Bacillus halodurans, and Bacillus pseudofirmus, naturally secrete enzymes that 
precipitate calcium carbonate. When incorporated into concrete, Bacillus spores are able to drive 
calcium carbonate precipitation when exposed to water in a microcrack, thereby stabilizing the 
structure from further degradation.22 Calcite-precipitating bacteria are also being used by the start-
up company bioMASON to generate biocalcified bricks, in a process that promises to be more 
environmentally-friendly than kiln-fired clay bricks.23 
4.1.4 Implementation of large-scale ELMs 
The development of scalable production methods is essential to ensuring widespread 
implementation of ELMs outside of niche markets. 3D-printing provides one possible solution to 
the scale-up of otherwise amorphous ELMs. By encapsulating biologically-active cells in a 
hydrogel matrix, cells can be printed to create complex 3D objects with arbitrary shapes. In one 
example, several species of bacteria were encapsulated into 3D gelatin structures that were further 
strengthened by photocrosslinking.24 In another, freeze-dried S. cerevisiae were incorporated into 
a photocurable medium and extruded as a living ink to assemble 3D structures with high catalytic 
ability.4 The ability to move beyond naturally-produced structures such as biofilms and create user-
defined structures will be essential to the real-world implementation of the ELMs reported herein. 
While developing scalable production methods provides one solution, another approach is 
to develop ELMs that are scalable by design. Filamentous fungi, such as Ganoderma species, are 
able to digest the lignin and cellulose found in agricultural waste, forming a robust composite 




larger structures that meld together over time. This approach is currently being commercialized by 
two companies: Ecovative Design, with a focus on renewable packaging and building 
materials,25,26 and Mycoworks, whose focus is primarily on mycelium-based leathers.27 However, 
current methods for commercial production of these mycelial ELMs involve a sterilization or 
desiccation step that removes biological activity of the mycelium in the final product, preventing 
the material from responding and adapting to environmental cues. 
4.1.5 Adding sense-and-respond capabilities to a mycelial ELM  
 In this chapter, we discuss progress towards a mycelial ELM that remains biologically 
viable during its intended period of use and further provide a strategy for endowing the living 
material with sense-and-respond capabilities through the inclusion of genetically engineered S. 
cerevisiae consortia. We hypothesized that coculture of engineered S. cerevisiae with Ganoderma, 
the principle species used for commercial mycelial ELM production by Ecovative, would enable 
Figure 4.1 Overview of the yeast sense-and-respond system 
Left and middle panel: Yeast sensor and response modules can be interchanged to confer the desired function to 
the mycelial ELM. Right panel: Environmental sensing is then coupled to peptide-GPCR pairs to enable 




us to confer additional functions to the material in a modular manner and at a much faster pace 
than is currently possible through genetic engineering of Ganoderma (Figure 4.1). Additionally, 
since the material is designed to remain biologically active, used structures will be able to be 
broken down to seed new ELMs, reducing waste and costs associated with shipping and producing 
new materials. We envision this will be particularly useful for emergency deployment of shelters 
during military operations or in response to humanitarian crises. 
4.2 Results 
4.2.1 Identification of robust yeast strains for co-culture with Ganoderma 
 Nature is full of wild yeast strains with diverse host environments and phenotypes. 
However, most domesticated laboratory S. cerevisiae strains are descendants of a few common 
ancestors, with the majority derived from S288c, a rare natural heterothallic (ho) strain that exists 
as a stable haploid.28 While S288c-derived strains are ideal for genetic studies and as a chassis for 
synthetic biology, selecting from a more diverse pool of strains may be advantageous for co-
culturing with Ganoderma in a mycelial ELM. To test this, we screened a library of 60 wild-type 
S. cerevisiae and S. paradoxus strains isolated from diverse locations,29 as well as two haploid flor 
yeast strains used in winemaking,30 for their ability to grow with Ganoderma. Notably, all strains 
are only auxotrophic for uracil, and as such later reintroduction of a URA3 gene would enable the 
strains to become completely prototrophic (and potentially less dependent on nutrient 
supplementation). 
To test the wild-type strain collection for co-culture with Ganoderma, a stand-off assay 
was performed. All strains were grown to an OD600 of ~1.0 and spread evenly on YPD-agar plates. 
The middle of the plate was then inoculated with a Ganoderma fungal plug. The linear expansion 




function of the fungal expansion rate (Figure 4.2, Appendix 6.7). Interestingly, the majority of the 
top-performing yeast strains (as measured by % Ganoderma growth) were diploid strains, 
suggesting that diploidy may confer an advantage. To further test the effect of diploidy, haploid 
strains containing a SIR2 gene deletion were constructed. Deletion of SIR2 reverses silencing of 
the two mating type loci (HML and HMR), and thus sir2D strains express both MATa- and MATa-
specific genes. However, no advantage in the stand-off assay was observed for sir2D strains 
(Figure 4.3). 
In addition, we noticed that NCYC3608, one of the top performing haploids, is actually an 
S288c haploid. Since S288c-derived strains typically have much higher transformation efficiency 
Figure 4.2 Stand-off assay between Ganoderma and S. cerevisiae  
A stand-off assay was performed to determine the effects of different S. cerevisiae and S. paradoxus yeast strains 
on Ganoderma hyphal growth. Performance was measured as percent of Ganoderma growth compared to the 
negative control (no yeast added). A: Representative result of the stand-off assay. Left: Negative control with no 
added yeast. Middle: Best performing strains did not significantly impact hyphal growth. Right: Poor performing 
strains significantly inhibited hyphal growth. B: Yeast strains that displayed ³ 40% hyphal growth. Strains are 




than wild-type strains, we further tested several S288c-background strains in the stand-off assay 
(Figure 4.3). We observed that one S288c-derived strain, BY367 (MATa ura3-52), performed just 
as well in the stand-off assay as the wild-type diploid strains. As such, we decided to move forward 
with BY367 as our parent strain for further studies due to its superior compatibility with standard 
yeast genetic components and protocols. 
We then designed a protocol for small-scale cultivation of the mycelial ELM cocultured 
with different yeast strains. In brief, pre-myceliated inoculum is mixed with unmyceliated hemp 
shive or corn stalk feedstock, supplemented with additional nutrients, and hydrated with water. 
The mixed material is then packed into molds and incubated at room temperature for 4-7 days. 
Yeast can then be introduced during mixing or applied to the surface of the material after it has 
been mixed. We initially started with tissue culture plates with varying numbers of wells. However, 
as the well size decreased, we observed that Ganoderma myceliation was less robust and the 
material was difficult to extract after growth. Thus, we switched to flexible silicone ice-cube trays, 
which afforded robust myceliation and facile extraction of the finished material, with the added 
benefit of reusability. When yEmRFP-expressing yeast were cocultured with the mycelial ELM, 
fluorescence was detectable above background for four days; when a piece of filter paper was 
Figure 4.3 Stand-off assay of additional S. cerevisiae strains 
After observing that NCYC3608, an S288c haploid, performed well 
in the initial assay, additional S288c-derived strains were tested. In 
addition, sir2D mutant strains that express both MATa- and MATa-
specific genes were tested. BY367 (MATa ura3-52), an S288c-
derived strain, performed equally well as the wild-type diploid 




dipped into the same yeast culture and placed on top of the mycelial ELM, fluorescence was 
detectable above background for eight days (Figure 4.4). We attribute this discrepancy to growth 
of Ganoderma over the course of the experiment, as background fluorescence increased as 
myceliation became more pronounced. 
4.2.2 Expression of yeast a/a-agglutinins 
 We hypothesized that additional strain engineering would be necessary to generate a 
cohesive yeast community within the mycelial ELM. We envisioned establishing connections 
between yeast cells in the mycelial ELM in two ways: (i) “wired” communication by using surface-
expressed a- and a-agglutinins and other flocculins to establish physical cell-cell interactions, and 









































Figure 4.4 Initial cultivation of yeast in the living material  
Following four days of growth in the silicone ice cube trays, blocks were extracted and placed in a Bio-Rad 
ChemiDoc imager to visualize RFP signal. Blocks containing yeast cells expression yEmRFP (BY367 and 
NCYC3558) show significant signal dispersal throughout the material. RFP signal was measured every 24 hours 
following block extraction from the ice cube trays and quantified using ImageJ software. Results are presented as 
the mean fold-change increase in intensity of the yeast-containing material compared to media control. A: Yeast 




language described in Chapter 3 (Figure 4.1, Figure 4.5). To further ensure a robust yeast 
community within the mycelial ELM, we also explored adhesion to the agricultural feedstock 
and/or Ganoderma mycelium. This was accomplished by cell-surface expression of cellulose-
binding domains (CBDs) and fungal hydrophobins, respectively. 
a-agglutinin and a-agglutinin are complementary adhesion glycoproteins that are 
employed in yeast mating. They bind each other irreversibly with high affinity in cells of opposite 
mating types.31 a-agglutinin, expressed in MATa haploids, is encoded by the SAG1 gene. a-
agglutinin, expressed in MATa haploids, is comprised of two subunits: the anchoring protein 
Aga1p and the binding subunit Aga2p, encoded by the AGA1 and AGA2 genes, respectively. A 
pair of disulfide bonds links Aga2p to Aga1p. The modularity of a-agglutinin forms the basis of 
yeast cell-surface display technologies, which is accomplished through genetic fusion of a coding 
sequence to the Aga2p subunit. This results in display of the protein of interest on the cell surface, 
and has been used to isolate antibodies,32 as the basis for whole-cell yeast vaccines,33,34 and to 
study protein-protein interactions.35 
Figure 4.5 Strategy for achieving a robust yeast 
tissue  
We envisioned that generating a robust yeast tissue 
within the mycelial ELM would require four key 
components: (i) demonstration of yeast activity in the 
material, (ii) secretion and sensing of diffusible 
molecules, (iii) direct cell-cell interactions, and (iv) 
adhesion of the yeast to the mycelium and agricultural 
feedstock.  
3. Yeast stick to each other:
Agglutinins
1. Yeast active in material:
Co-Culture & Characterization
2. Yeast sense and respond:
Peptide/GPCR language





 To generate yeast strains constitutively expressing a-agglutinin and a-agglutinin, we used 
CRISPR-Cas9 to exchange the natural promoters of the genes AGA1, AGA2, and SAG1 with the 
strong constitutive promoter from TDH3, which has been shown to have strong chromosomal 
expression regardless of growth phase.36 We used yNA899 as the initial background strain for 
validation due to additional auxotrophic markers compared with BY367. The following strains 
were constructed: yJB618: yNA899 SAG1p::TDH3p “a-agglutinin”; yJB619: yNA899 
AGA1p::TDH3p AGA2p::TDH3p “a-agglutinin”; and yJB634: yNA899 AGA1p::TDH3p AGA2D 
“control”. We then demonstrated that simply mixing saturated cultures of yJB618 and yJB619 in 
a 1:1 ratio leads to rapid agglutination, meaning they form aggregates visible to the naked eye 













































Figure 4.6 Constitutive expression of yeast agglutinins   
A: overview of a/a-agglutinins. a-agglutinin is expressed in MATa haploids and is encoded by SAG1; a-agglutinin 
is expressed in MATa haploids and is comprised of two subunits: the anchoring protein Aga1p and the binding 
subunit Aga2p, encoded by AGA1 and AGA2, respectively. B: Agglutination strains were grown overnight in YPD, 
washed 1x in sterile water, and resuspended in 5ml synthetic complete (SC) media. Strains were then normalized 
to an OD600 of ~1.5 and 200µl of each strain were mixed accordingly. Tubes were incubated with rotation for five 
minutes and then imaged. Mixing yJB618 and yJB619 (Tube 1) gives a visible agglutination phenotype, in which 
the cells rapidly clump together and settle to the bottom of the tube. No agglutination is observed in the negative 
controls (Tubes 2-3). C: Aggregates are visible by microscopy. Mixing agglutination strains leads to dense 
aggregates of closely-associated cells (1). No aggregates are observed in the negative controls. D: Key to 




Aga2p subunit. Using a/a-agglutinins is modular and controllable as cells only aggregate when 
mixed together, enabling the strains to be grown normally until the agglutination phenotype is 
desired. 
4.2.3 Expression of additional yeast flocculins 
In addition to a/a-agglutinins, we also investigated other yeast flocculins that are known 
to generate strong protein-protein interactions between cells. Many wild-type and industrial yeast 
strains flocculate at later stages of fermentation, a phenomenon leveraged in the production of 
sherry.10 After nitrogen and fermentable carbon sources have been depleted, flor strains of S. 
cerevisiae produce aggregates of floating cells that form an air-liquid biofilm on the wine surface. 
This process has been shown to be mediated in part by expression of the FLO11 gene.37 We 
obtained two stable haploid derivatives of flor yeast strains, CLIB1769 (2D MATa) and CLIB1770 
(2D MATa),30,38 that exhibit a strong flocculation phenotype under appropriate conditions. While 
in our hands we had trouble inducing flocculation, we did observe that CLIB1769/CLIB1770 
display an invasive phenotype after extended culture on agar plates, a phenomenon which is also 
associated with FLO11 expression (Figure 4.7).39 These strains were thus included in the yeast 
stand-off assay screen described in Section 4.2.1. FLO1 is another yeast flocculin that has been 
associated with a strong flocculation phenotype when upregulated or overexpressed.40 Thus, we 
used CRISPR-Cas9 to exchange the natural FLO1 promoter with the constitutive TDH3 promoter 
(yJB582). FLO1 overexpression produced very robust cell-cell interactions: single colonies on an 
agar plate would break apart into fragments when pressed with a pipette tip, and constitutive 
flocculation was observed in liquid culture (Figure 4.7). However, the flocculation phenotype was 
so strong that it made further handling of the strain for genetic manipulation very difficult, and 




render FLO1 expression inducible by the peptide-GPCR language or other means, so that 
flocculation would be induced only in the mycelial ELM. 
4.2.4 Expression of cellulose-binding domains and fungal hydrophobins 
In parallel, we investigated strategies for improving adhesion of yeast to the Ganoderma 
mycelium and agricultural feedstock. Hemp shive, the primary agricultural feedstock used herein, 
is composed of cellulose (40-48%), hemicellulose (18-24%), and lignin (21-24%).41 As such, we 
hypothesized that yeast cell-surface of display of cellulose binding domains (CBDs) might confer 
improved adherence to the mycelial ELM, since cell immobilization to cellulosic materials has 
previously been demonstrated in E. coli with surface-expressed CBDs.42 Using the sequenced 
Ganoderma genome generated by Wright Labs on behalf of Ecovative Design, we identified 11 
conserved fungal CBDs found on putative glycoside hydrolases (Appendix 6.8). These domains 
are highly conserved and are relatively compact, at roughly 30 amino acids long. We cloned the 
consensus Ganoderma CBD sequence into a modified yeast surface display vector (pJB239) as a 
single domain and as two repeats separated by a GS linker. In addition, the literature-reported CBD 
of endoglucanase I (EGI) from the fungus Trichoderma reesei was also cloned for surface 
Figure 4.7 Visualization of flocculation 
phenotypes   
A: Overexpression of FLO1 from the 
strong constitutive promoter TDH3p leads 
to tight cell-cell interactions and 
constitutive flocculation.  B: Flor yeast 
strains CLIB1769/CLIB1770 display 





display.43 These constructs were transformed into yJB634 (yNA899 AGA1p::TDH3p AGA2D), 
which constitutively expresses Aga1p but does not produce the Aga2p subunit of a-agglutinin. 
We then performed an OD-depletion assay to assess the ability of yeast expressing the 
CBDs to bind cellulose-based filter paper or the hemp shive feedstock. A saturated yeast culture 
was incubated overnight with shaking in the presence of the hemp feedstock, cellulose filter paper, 
or nothing. OD600 is then measured after incubation, and depletion of optical density is taken as a 
proxy for yeast binding to the substrate. While no significant binding to the hemp feedstock was 
detected, all expressed CBDs displayed significant binding to the cellulose filter paper. Next, we 
used a colony-forming unit (CFU) assay to confirm our findings. After overnight incubation in 
saturated yeast culture, the substrate was washed twice with sterile water, then resuspended in 
sterile water and treated with dithiothreitol (DTT) to reduce the disulfide bonds connecting the 
Aga2p binding subunit to the Aga1p subunit of a-agglutinin. The solution was plated to get single 
colonies and CFUs were counted for yeast with and without CBDs. There was an order of 
Figure 4.8 Cell surface display of cellulose-binding domains   
A: Schematic of yeast cell surface display. Genetic fusion of a gene of interest to the AGA2 gene leads to cell 
surface display. Constructs were made to display cellulose-binding domains (CBDs) as single domains or in 
tandem. B: The CBD constructs were evaluated in an OD depletion assay. Saturated yeast cultures were incubated 
overnight with either hemp or cellulose filter paper, and OD600 was recorded after incubation as a proxy for cell 
adhesion to the substrate. While no measurable adhesion to hemp was detected, all CBDs tested conferred binding 




magnitude more CFUs when yeast expressing CBDs were incubated with cellulose filter paper, 
confirming our findings from the OD depletion assay (data not shown). 
Next, we explored the ability of hydrophobin expression to confer adhesion to the 
Ganoderma mycelium. Hydrophobins are small (~100 aa) secreted amphiphilic proteins that are 
widely distributed among filamentous fungi, including Ganoderma species.44 Secreted 
hydrophobins have been demonstrated to have many functions, including self-assembly at the air-
water interface, decreasing surface tension, and the formation of fruiting bodies.45 Heterologous 
expression and secretion of the Trichoderma reesei hydrophobin HFB1 has been previously 
demonstrated in both S. cerevisiae46 and Pichia Pastoris.47 Since hydrophobins are known to form 
aggregates, we hypothesized that surface display or secretion of Ganoderma hydrophobins might 
improve adhesion of yeast to the mycelial ELM. Using the Ganoderma sequence, we identified 
over 20 predicted proteins that were annotated as “fungal cell wall constituents”. Protein-BLAST 
searches revealed that the majority of these proteins contained highly conserved fungal 
hydrophobin domains (approximately 70 aa), with high sequence homology to fungal 
hydrophobins from published fungal genomes (Appendix 6.9). We selected a subset of these 
hydrophobins for cloning and characterization: Hydro7114, Hydro8301, and Hydro8781. In 
addition, we also cloned two hydrophobins that have been previously characterized: 
HydroCryparin (from the chestnut blight fungus Cryphonectria parasitica),48 and HydroHFBI 
(from T. reesei).47 All hydrophobins were cloned into our modified yeast display vector (pJB239) 
as well as a constitutive secretion vector containing the a-factor pre-pro secretion sequence 
(pJB212). Unfortunately, we did not observe any improvement in binding to Ganoderma in initial 
screens (data not shown). Thus, we plan to confirm protein display and secretion through Western 




4.2.5 Paper delivery of yeast cells to the surface of the living material 
 Encouraged by the ability of cell surface-expressed cellulose binding domains to improve 
adhesion of yeast to cellulose filter paper, we next explored paper delivery as a paradigm for 
incorporating yeast into the mycelial ELM. After an initial pre-growth period of the mycelial ELM 
for six days in silicone ice cube trays at room temperature, a piece of cellulose filter paper is dipped 
into a saturated yeast culture and applied to the surface of the material. The yeast-mycelial ELM 
is then incubated for an additional two days of growth at 30ºC. Upon removal from the ice tray, 
we observed that the cellulose filter paper had been entirely incorporated into the material by the 
Ganoderma mycelium and presented a highly uniform surface (Figure 4.9). As such, we believe 
that paper delivery of yeast cells could be an ideal paradigm for incorporation of yeast into the 
mycelial ELM. 
 
Figure 4.9 Paper delivery of yeast cells to the surface of the living material 
After demonstrating that expression of cellulose-binding domains (CBDs) increases yeast cell binding to cellulose 
filter paper (Figure 4.8), we tested paper delivery of yeast as a paradigm for establishing a yeast-mycelial ELM. 
After an initial six days of growth in the silicone ice cube tray at room temperature, cellulose filter paper is dipped 
into a saturated yeast culture and wrapped around the exposed surface of the mycelial ELM. The material is then 
allowed to grow for an additional two days at 30ºC to encourage yeast growth. After two days, the cellulose filter 
paper is completely incorporated by the Ganoderma mycelium and is indistinguishable from the living material. 




4.2.6 Agglutination enhances peptide-GPCR communication 
 As detailed in Section 4.2.2, we hypothesized that formation of an interconnected yeast 
community within the mycelial ELM would require both “wired” interactions (via a/a-agglutinins) 
and “wireless” interactions (via peptide-GPCR signaling). Thus, we next explored if a/a-
agglutinins and peptide-GPCR pairs could be expressed concurrently without sacrificing function 
of either system. The two engineered agglutination strains, yJB618 (“a-agglutinin”) and yJB619 
(“a-agglutinin”), were first transformed with a set of constitutive peptide secretion and GPCR 
Figure 4.10 Agglutination enhances peptide-GPCR signaling 
A: Summary of constructed strains. yJB618 and yJB619 were transformed with GPCR expression plasmids 
containing either ScSte2 or CaSte2 and peptide secretion plasmids to generate Sc and Ca sensing and secreting 
strains in both a-agglutinin and a-agglutinin backgrounds. B-C: Testing for functional GPCR activation in 
agglutination strains. The indicated strains were co-cultured at 1:1 ratio at OD600 ~0.50 in 96-well plates and 
incubated at 30ºC with 800RPM for seven hours. Fluorescence was measured at 588/602nm excitation/emission 
with a Tecan plate reader. Since agglutination can affect optical density (OD) values, we did not normalize by OD. 
Strain Parent Plasmid ID
yJM190 yJB618 pSB129 ScSte2 MLC α-Agg ScSte2
yJM192 yJB618 pSB132 CaSte2 MLC α-Agg CaSte2
yJM193 yJB618 pJB54 pADH1-ScPep α-Agg ScPep
yJM195 yJB618 pJB56 pADH1-CaPep α-Agg CaPep
yJM196 yJB619 pSB129 ScSte2 MLC a-Agg ScSte2
yJM198 yJB619 pSB132 CaSte2 MLC a-Agg CaSte2
yJM199 yJB619 pJB54 pADH1-ScPep a-Agg ScPep




















ScSte2 RFP (7 Hours)
yJM193 α-Agg ScPep
yJM199 a-Agg ScPep
yJB297 No Agg ScPep
yJB301 No Agg CaPep





















CaSte2 RFP (7 Hours)
yJM195 α-Agg CaPep
yJM201 a-Agg CaPep
yJB301 No Agg CaPep
yJB297 No Agg ScPep
10uM CaPep + yJB297
alone
A B C
Strain Parent Plasmid ID
yJM190 yJB618 pSB129 ScSte2 MLC α-Agg ScSte2
yJM192 yJB618 pSB132 CaSte2 MLC α-Agg CaSte2
yJM193 yJB618 pJB54 pADH1-ScPep α-Agg ScPep
yJM195 yJB618 pJB56 pADH1-CaPep α-Agg CaPep
yJM196 yJB619 pSB129 ScSte2 MLC a-Agg ScSte2
yJM198 yJB619 pSB132 CaSte2 MLC a-Agg CaSte2
yJM199 yJB619 pJB54 pADH1-ScPep a-Agg ScPep




















ScSte2 RFP (7 Hours)
yJM193 α-Agg ScPep
yJM199 a-Agg ScPep
yJB297 No Agg ScPep
yJB301 No Agg CaPep





















CaSte2 RFP (7 Hours)
yJM195 α-Agg CaPep
yJM201 a-Agg CaPep
yJB301 No Agg CaPep
yJB297 No Agg ScPep






expression plasmids to generate ScSte2 and CaSte2 sensing and secreting strains in both a-
agglutinin and a-agglutinin backgrounds. Next, strains were cocultured at a 1:1 ratio to assess the 
effect of agglutination on peptide-GPCR signaling (Figure 4.10). Our results confirm that the 
peptide-GPCR language appears to be unaffected by agglutinin expression, and in fact appears to 
be enhanced when a sensing strain is co-cultured with the appropriate secreting strain containing 
the complementary agglutinin. Presumably, the direct cell-cell interactions formed by 
agglutination result in higher local concentrations of secreted peptide and thus higher GPCR 
induction. 
CaSte2 (19 Hours) ScSte2 (19 Hours)
3.4x Fold Change 3.9x Fold Change
Control Co-culture
19 44±5 172±12 3.9
62 77±4 141±35 1.8
19 58±2 195±12 3.4
62 78±4 122±20 1.6
Ca
Receptor Time (h) Avg grey value Fold Change
Sc
A B
DC Panel Experiment Strains
A Top Ca control yJM198+yJB297
A Bttm Ca co-culture yJM198+yJM195
B Top Sc control yJM196+yJB301
B Bttm Sc co-culture yJM196+yJM193
Figure 4.11 Formation of a responsive yeast community on the living material 
A-B: Co-culturing sensing and secreting yeast on the material. Overnight cultures of strains expressing agglutinins 
and the ability to sense or secrete Sc/Ca peptide were concentrated 10X in fresh media and mixed at a 1:1 ratio to 
form the appropriate sensing/secreting pairs. Pieces of cellulose filter paper were then dipped in the mixed cultures 
and placed on top of YPD-agar-coated mycelial ELM bricks. The yeast-mycelial ELM bricks were then placed in 
covered pipette tip boxes with moist kim wipes (to prevent desiccation) at 30ºC. Fluorescent measurements were 
then taken using the Bio-Rad ChemiDoc at 19- and 62-hour time points. Fluorescence and fold-change values were 
quantified by determining the mean gray value in images using ImageJ. C: Key to strain combinations used in this 




4.2.7 Yeast peptide-GPCR signaling is functional in the living material 
Next, we sought to demonstrate that a/a-agglutinins and peptide-GPCR signaling could be 
used to generate a cohesive yeast community in the mycelial ELM (Figure 4.11). In brief, overnight 
cultures of strains expressing agglutinins and the ability to sense or secrete Sc or Ca peptide were 
concentrated 10X in fresh media and mixed to form the appropriate sensing/secreting pairs. Pieces 
of filter paper were then dipped in the mixed cultures and placed on top of YPD-agar-coated 
mycelial ELM bricks. The yeast-mycelial ELMs were then placed in covered pipet tip boxes with 
moist kim wipes (to prevent desiccation) at 30ºC. Fluorescent measurements were then taken using 
the Bio-Rad ChemiDoc at 19- and 62-hour time points. Co-culturing the appropriate sensing and 
secreting strains produced about a four-fold increase in fluorescence compared to background at 
19 hours and two-fold change at 62 hours, demonstrating the ability of yeast to communicate by 
peptide-GPCR signaling on the surface of the material. Importantly, the negative controls 
displayed a low basal fluorescence that is visually indistinguishable from the myceliated surface 
of the material.  While the inclusion of YPD-agar to supply nutrients to the yeast community is 
not ideal, our results serve as a proof-of-concept for the yeast-mycelial ELM. We hypothesize that 
additional nutrient supplementation in the mycelial ELM would improve yeast viability. 
4.2.8 Nutrient requirements of peptide-GPCR signaling  
 Since peptide-GPCR signaling was significantly more robust when the yeast community 
was cultured on YPD-agar, we designed an experiment to tease out the nutrient requirements of 
GPCR signaling. Previous work has demonstrated that the yeast pheromone response pathway is 
modulated by the glucose sensing pathway, which is controlled by the glucose-sensing GPCR 
GPR1p.49,50 As such, we hypothesized that glucose or other essential nutrients may be necessary 




additional nutrients to support a robust yeast community. For the purpose of this assay, we divided 
nutrients into four components: Nitrogen source (ammonium sulfate), Carbon source (glucose), 
Phosphate source (potassium phosphate), and Amino acid source (all amino acids included in yeast 
Synthetic Complete (SC) medium). We then tested for CaSte2 GPCR activation in all 15 possible 
combinations of these four nutrient sources, with SC complete medium and H2O as positive and 
negative controls, respectively (Figure 4.12). We observed that a carbon source (glucose) was 
essential for GPCR signaling, whereas additional nutrients enhanced the GPCR response. All four 
nutrient components were necessary to equal the GPCR response in SC medium. As such, 



































GPCR Nutrient Assay (8 Hours)
1uM
0uM
N: Nitrogen Source (Ammonium Sulfate)
C: Carbon Source (Glucose)
P: Phosphate Source (Potassium Phosphate)
A: Amino Acids
Figure 4.12 Glucose is required for 
peptide-GPCR signaling 
Assay to determine the nutrient 
requirements of mating GPCR signaling in 
yeast. ySB98 (yNA899 with genomically 
integrated CaSte2 and a pheromone-
inducible yEmRFP fluorescent reporter) 
was grown in the presence of different 
combinations of four core nutrients 
(Nitrogen, Carbon, Phosphate, and Amino 
Acids) and induced with 1µM synthetic Ca 
peptide. Glucose was determined to be 
essential for GPCR induction, whereas all 
four nutrient sources were needed to 





4.2.9 Characterization of peptide-GPCR signaling in two dimensions  
All initial characterization of the peptide-GPCR communication language (Chapter 3) was 
carried out in yNA899 (BY4741 MATa leu2Δ0 met15Δ0 ura3Δ0 his3Δ1 MFa1Δ MFa2Δ 
MFalpha1Δ MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ bar1Δ), which has many deletions in to improve 
the robustness of GPCR signaling. However, BY367 (MATa ura3-52), the parent strain we chose 
for our yeast-mycelial ELM, does not have these deletions. In order to prevent overengineering 
the strain, we next sought to identify the minimum deletions necessary to ensure robust peptide-
GPCR signaling. We used CRISPR-Cas9 to make combinatorial coding sequence deletions of 
FAR1, BAR1, and SST2. All strains were additionally deleted for MFALPHA1/2 to prevent 
interference with heterologous Ste2p-like GPCR expression. We then characterized the GPCR 
response of ScSte2, BcSte2, and CaSte2 in the constructed strains in a fluorescent halo assay. 
 In a halo assay, cells are OD-normalized and mixed into soft agar, which is spread onto a selective 
SC(U-) agar plate. The halo assay enables spatial visualization of the GPCR response in two 
dimensions, which we believe is a better approximation of the yeast-mycelial ELM than assays 
done in liquid culture. Since BY367 only has one auxotrophic marker (ura3-52), we constructed a 
Minimal Language Component Plasmid (MLCP) that contains both a GPCR expression cassette 
and a FUS1 promoter-inducible yEmRFP fluorescent readout. We observed that the Ste2p-like 
GPCRs have poor sensitivity in the parent BY367 strain (Figure 4.13). Deletion of SST2, which is 
involved of desensitization of the pheromone response pathway after GPCR activation, was 
necessary to improve the sensitivity. Additionally, as expected strains containing FAR1 displayed 
a growth arrest phenotype, leading to a donut-shaped fluorescent halo. Deletion of BAR1, which 
encodes a secreted aspartyl protease that specifically cleaves a-factor, improves the response of 




As such, we chose to move forward with yJB709 (BY367 MATa ste2Δ MFalpha1/2Δ far1Δ bar1Δ 
sst2Δ) for further characterization of GPCRs.   
Next, we further investigated the spatial response of peptide-GPCR signaling to determine 
the time- and concentration-dependence of halo size and intensity. Soft agar plates were prepared 
in triplicate as described above for strain yJB709 transformed with Sc, Bc, and Ca MLCP. The 
strains were then induced with 10µl of synthetic peptide at 11 concentrations (1:2 dilutions starting 
from 80µM). Plates were incubated at 30ºC and fluorescence was measured periodically using a 
BioRad ChemiDoc imager over the course of seven days. The resulting images were then exported 
into BioRad Image Lab to quantify halo area (mm2) and halo intensity (mean fluorescent intensity) 
for each plate (Figure 4.14, Figure 4.15). Extracted Data were then plotted using GraphPad Prism. 
Our data suggest that halo area is strongly correlated to the amount of peptide added, whereas 
mean fluorescent intensity of the halo has a weaker correlation to the amount of peptide.  
Additionally, we observed that halo area doesn’t change substantially after the first 25 hours, while 





(BY367 MATa ste2Δ MFalpha1/2Δ)
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Figure 4.13 Gene deletions alter the spatial response of peptide-GPCR signaling  
CRISPR-Cas9 was used to delete MFalpha1/2 and make combinatorial deletions of three genes known to affect 
the yeast pheromone response: BAR1, FAR1, and SST2. The resulting strains were then transformed with a Minimal 
Language Component Plasmid (MLCP) containing a GPCR expression cassette and FUS1 promoter-driven 
yEmRFP fluorescent readout. A fluorescent halo assay was then performed by seeding cells in soft agar at 
OD600~1.0, plating on SC(U-) agar plates, and inducing with 2µl of peptide at various concentrations. Fluorescence 
was measured using a BioRad ChemiDoc after incubating the plates for 24 hours at 30ºC. yJB709 was chosen for 










Figure 4.14 Peptide-GPCR dose-response characterization in two dimensions 
Representative dose-response images of ScSte2, BcSte2, and CaSte2 in a fluorescent halo assay, taken 36 hours 
after induction. The actual experiment was performed in triplicate. yJB709 was transformed with the appropriate 
minimal language component plasmid (MLCP), seeded in soft agar to OD600~1.0, and plated on SC(U-) agar plates. 
Yeast were induced with 10µl of peptide at 11 concentrations (1:2 dilutions starting at 80µM) and an H2O blank. 
Plates were incubated at 30ºC and fluorescence was measured periodically over seven days using a BioRad 
ChemiDoc imager. Halo area (mm2) and halo intensity (mean fluorescent intensity) were then extracted using 



















































































































































































































































































































































































Figure 4.15 Extracted dose-response data from the fluorescent halo assay 
yJB709 was transformed with the appropriate minimal language component plasmid (MLCP), seeded in soft agar 
to OD600~1.0, and plated on SC(U-) agar plates. Yeast were induced with 10µl of peptide at 11 concentrations (1:2 
dilutions starting at 80µM) and an H2O blank. Plates were incubated at 30ºC and fluorescence was measured 
periodically over seven days using a BioRad ChemiDoc imager. Halo area (mm2) and halo intensity (mean 
fluorescent intensity) were then extracted using BioRad Image Lab. A: Mean fluorescent halo intensity reaches a 
maximum ~25-30 hours after induction and then slowly decays back to baseline. Baseline correction (second row) 
was performed by subtracting background fluorescence at each time point. B: Halo area (mm2) reaches a maximum 
~25-30 hours after induction and then remains fairly constant. C: Concentration-dependence of mean fluorescent 
halo intensity and halo area 36 hours after induction. Halo area is strongly correlated to peptide concentration, 




4.2.10 Strategies for peptide-GPCR signal amplification and propagation 
 In Section 4.2.9 above, we demonstrated our ability to get a concentration-dependent 
GPCR response when yeast is grown in soft agar on selective agar plates. However, 
implementation of a yeast-mycelial ELM with sense-and-respond capabilities (Figure 4.1) will 
require signal amplification circuits that propagate signal beyond levels reached by passive 
diffusion of peptide. We have envisioned two strategies for amplifying peptide-GPCR signal: 
internal amplification and external amplification (Figure 4.16). We define internal amplification 
as GPCR activation that leads to increased gene expression of an activator inside the cell that is 
different from the output signal. Previous work has demonstrated that overexpression of 
components of the yeast pheromone response pathway leads to enhanced and sustained pheromone 
signaling.51,52 We observed a similar effect in our own work, as plasmid overexpression of STE5, 
which encodes for the yeast pheromone response pathway MAPK scaffold protein, leads to a four-
fold enhancement in output signal, albeit with higher basal activation. As such, we plan to 
genomically integrate a pheromone-inducible copy of STE4 (Gb subunit), STE5 (MAPK scaffold 
protein), and STE11 (MEK kinase, part of the MAPK cascade) and test for their ability to induce 
signal amplification in liquid culture and on soft agar plates. 
 External amplification presents another approach to amplifying peptide-GPCR signal. We 
define external amplification as sensing and secreting the same signaling molecule. Previous work 
has demonstrated that concurrent secretion and sensing of a-factor, the peptide ligand of Ste2p, 
can be tuned to generate diverse community behaviors.53,54 Inspired by these results, we engineered 
a-factor production under control of the ScSte2 GPCR to generate a positive feedback loop in 
which the input equals the output (Figure 4.16). However, in initial tests we realized that the FIG1 




to the negative control lacking positive feedback. To ameliorate this, we repeated the assay in 
yNA864, which retains the BAR1 gene. Bar1p is an extracellular, pepsin-like protease secreted by 
MATa cells that degrades a-factor. In yNA864, basal activation was significantly reduced, whereas 
Figure 4.16 Strategies for peptide-GPCR signal amplification 
A: We define internal amplification as GPCR activation that leads to increased gene expression of an activator 
inside the cell that is different than the output signal. Previous work has demonstrated that pheromone-induced 
expression of STE4, STE5, and STE11 genes generates a positive feedback loop. Thus far, we have demonstrated 
that overexpression of STE5 (MAPK scaffold protein) generates a four-fold enhancement in output signal, albeit 
with higher basal activation. B: We define external amplification as sensing and secreting the same peptide. By 
placing a-factor production under control of the FIG1 promoter a positive feedback loop is created. However, 
leakiness from the FIG1 promoter resulted in high basal secretion of a-factor and activation of ScSte2 in the 
absence of an external input. Expression of the secreted aspartyl protease Bar1p, which cleaves and inactivates a-





































maximum activation increased by almost two-fold when a positive feedback loop was 
implemented. Furthermore, the recent characterization of a homologue to Bar1p in Candida 
albicans suggests that genome-mining may yield additional secreted proteases.55 This would allow 
us to extend external signal amplification to additional peptide-GPCR pairs. 
4.2.11 Characterization of environmental sensors 
In parallel, we began characterizing various environmental sensors that would enable the 
yeast-mycelial ELM to sense and respond to external cues. We designed an environmental sensing 
module that could be connected to peptide-GPCR signaling in a plug-and-play format (Figure 4.1). 
Eventually, each environmental sensor will be coupled to an orthogonal peptide-GPCR signaling 
channel to induce specific responses in the yeast-mycelial ELM. Herein, we present validated 
environmental sensors for light, metals, and temperature (Figure 4.17).   
We hypothesized that visible light could be used as a proxy for damage in the material; if 
the yeast-mycelial ELM is damaged, sensing yeast within the material would become exposed to 
light. Light sensing could then be coupled to the secretion of stimulatory molecules to encourage 
growth of Ganoderma mycelium to repair the damage. We chose the CRY2/CIB1 optical 
dimerizer pair from Arabidopsis thaliana since no exogenous ligands are needed and it has been 
previously validated in S. cerevisiae. Upon exposure to blue light, cryptochrome 2 (CRY2) binds 
to cryptochrome-interacting basic-helix-loop-helix 1 (CIB1). Genetic fusion of these modules to a 
split protein can then be used as the backbone of a photoinducible yeast two-hybrid system, in 
which the Gal4 binding domain is fused to CRY2 and the Gal4 activation domain is fused to 
CIB1.56,57 We transformed BY4733 with the Gal4BD-CRY2/CIB1-Gal4AD constructs along with 
a galactose-inducible yEmRFP fluorescent readout. The resulting strain was grown overnight and 




(470nm, 20mW/cm2) in 15 minute on/off cycles for a total of four hours, followed by a two-hour 
incubation at 30ºC to allow for the yEmRFP output to develop. In initial tests, we were unable to 
match the fold-change reported in the literature due to high background; however, by performing 
all assay preparation and incubation steps in the dark we were able to reduce basal activation and 
obtain a four-fold increase in fluorescence following blue light exposure (Figure 4.17). While the 
Gal4BD-CRY2/CIB1-Gal4AD pair produced a measurable change in fluorescence, induction was 
relatively low. We hope to improve the blue light sensor by swapping the Gal4 binding domain 
for a LexA binding domain and the Gal4 activation domain for a VP16 activation domain, as has 
been previously demonstrated.56 
 Next, we explored the ability of natural and synthetic promoters derived from the S. 
cerevisiae heat-shock response to enable temperature-inducible gene expression.58 Synthetic 
promoters were constructed by placing repetitive units of the heat shock element (HSE, 
AGAATATTCTAGAAT) upstream of the core CYC1 promoter. All promoters were cloned into a 
low-copy (pRS413) yEmRFP reporter vector and transformed into strain yMJ106 for testing. 
yMJ106 features constitutive expression of green fluorescent protein (GFP); GFP expression was 
used to normalize for different protein expression levels at different growth temperatures. While 
all tested promoters had a temperature-dependent increase in fluorescence, the synthetic promoters 
had the greatest fold-change in induction (Figure 4.17). The synthetic promoter containing 10 
repeats of the HSE upstream of the core CYC1 promoter provided an eight-fold increase in 
fluorescence at 42ºC compared to 30ºC. We plan to integrate this temperature sensor into BY367 
for testing in the yeast-mycelial ELM. 
 We then investigated the use of metal-inducible promoters for potential use as heavy metal 




yeast-mycelial ELM to detect potentially dangerous levels of heavy metals such as mercury, 
cadmium, and arsenates. As a proof-of-concept, we implemented a copper sensor based on the 
well-characterized CUP1 promoter in S. cerevisiae.59 In order to characterize the copper sensor, 
yEmRFP expression was placed under control of the CUP1 promoter and integrated into the HO 
locus. Dose-response characterization was then performed using aqueous CuSO4 as the copper 
source (Figure 4.17). The copper sensor exhibited a fold-change of 6.8x over basal expression and 
an EC50 of approximately 5uM, which is in line with similar systems reported in the literature.60 
After demonstrating the functionality of the copper sensor, we next wanted to couple metal-sensing 
to peptide-GPCR signaling. We cloned the CUP1 promoter into a modified version of our peptide 
secretion vector (Figure 3.12, Figure 4.17) and used Gibson assembly to insert the coding sequence 
for BcPep into the AflII restriction site. Strain yNA899 was transformed with the resulting pCUP1-
BcPep plasmid and cocultured in a 1:1 ratio with ySB100, which is a fluorescent reporter strain 
with the BcSTE2 integrated into the STE2 locus. Dose-response characterization with CuSO4 
yielded a dose-dependent increase in fluorescence, indicating that BcPep was being functionally 
secreted in response to copper induction. In this way, we plan to screen a variety of metal-inducible 
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Figure 4.17 Validated environmental sensors 
A: Constructed acceptor vector for coupling metal sensing to peptide secretion. The XhoI/EcoRI restriction sites 
enables facile promoter swapping and the AflII site allows insertion of the desired peptide sequence. B: An 
integrated copper yeast whole-cell biosensor was engineered by cloning the CUP1 promoter in front of yEmRFP 
and integrating into the HO locus using CRISPR-Cas9. A split copper sensor was engineered by cloning the CUP1 
promoter and the coding sequence for BcPep into the acceptor vector shown above. The resulting plasmid was 
transformed into yNA899 and the resulting strain was cocultured 1:1 with ySB100, a fluorescent reporter strain 
with the BcSTE2 integrated into the STE2 locus. Dose-response characterization of both sensors was performed in 
96-well plates using CuSO4 as the copper source. Plates were incubated for eight hours at 30ºC and 800RPM 
before measurement. C: Natural temperature-sensitive promoters from yeast as well as designed synthetic 
promoters were cloned in front of a red fluorescent protein (yEmRFP) on a low-copy pRS413 plasmid. Strain 
yMJ106, featuring constitutive expression of GFP integrated into the genome, was used for sensor evaluation. RFP 
signal was normalized to GFP expression to account for differences in protein expression at the tested 
temperatures. The bar graph indicated the ratio of RFP/GFP after eight hours; the inset features a time-course of 
10XHSE(C), the synthetic promoter with the greatest fold-change induction. D: Our light setup is a small incubator 
operated at room temperature with an LED blue light source (470nm, 20mW/cm2) fixed to the ceiling. Strain 
BY4733 expressing the split blue-light dimerizer pair GalBD-CRY2/CIB1-GalAD were exposed to 15 minute 
on/off cycles of blue light for four hours. Cells were then cultured for two hours at 30ºC to allow maturation time 






In this chapter, we demonstrated foundational work towards our goal of a sustainable, 
responsive engineered living material. Importantly, we identified S. cerevisiae strains that are 
compatible with Ganoderma and demonstrated that the top-performing strains remain biologically 
viable within the mycelial ELM. To improve the robustness of the yeast community in the material, 
we then engineered both “wired” and “wireless” interactions. “Wired” interactions were 
engineered through the expression of a/a-agglutinins, providing a controllable mechanism for 
direct cell-cell interactions in the material. “Wireless” interactions were engineered through the 
expression of orthogonal peptide-GPCR pairs. We demonstrated that peptide-GPCR signaling was 
functional on the surface of the mycelial ELM, and that expression of a/a-agglutinins actually 
enhanced the response. In future work, we plan to further enhance peptide-GPCR communication 
through the implementation of positive feedback loops. 
In parallel, we validated environmental sensors for temperature, metals, and light. We 
screened natural and synthetic temperature-sensitive promoters, identifying a synthetic promoter 
with an eight-fold induction at 42ºC compared to 30ºC. We then engineered a proof-of-concept 
metal sensor based on the S. cerevisiae CUP1 promoter and demonstrated that metal sensing can 
be coupled to peptide-GPCR signaling. Last, we engineered a light sensor by expressing the split 
blue-light dimerizer pair CRY2/CIB1 from Arabidopsis thaliana in yeast. In future work, we will 
couple each environmental sensor to an orthogonal peptide-GPCR pair. In this manner, we can 
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5 MATERIALS AND METHODS 
 
5.1 Materials 
Synthetic mating peptides (≥95% purity) were obtained from GenScript or Zymo Research. 
Polymerases, restriction enzymes, and Gibson assembly mix were obtained from New England 
Biolabs. Culture medium components were obtained from BD Bioscience and Sigma-Aldrich. 
Primers and synthetic DNA were purchased from Integrated DNA Technologies (IDT). Plasmids 
were cloned and amplified in either Escherichia coli TG1 or C3040 (New England Biolabs). 
Human urine (catalog no. IR100007P) and single donor human whole blood (catalog no. IPLA- 
WB1) were purchased from Innovative Research. Human serum, normal off the clot (frozen) 
(catalog no. HSER-2ML) was purchased from Zen-Bio. Professional potting mix soil was 
purchased from Fafard. Ganoderma premyceliated inoculum and agricultural feedstocks were 














5.2 Methods specific to Chapter 2 
5.2.1 Determination of fungal GPCRs and mating peptide sequences 
Fungal receptors were derived from pathogenic fungi selected from the PFAM family 
PF02116. Sequences were validated by multiple sequence alignment using MUSCLE, ranging 
from 21 to 49% identity to wild-type S. cerevisiae Ste2. The corresponding peptide ligands were 
taken from Martin et al. (2011)1 for species B. cinerea, M. oryzae, F. graminearum, C. glabrata, 
C. albicans, L. elongisporus, and Z. rouxii. The peptide ligand common to species P. brasiliensis 
and H. capsulatum was taken from Gomes-Rezende et al. (2012).2 The peptide ligand for species 
Z. bailii was predicted using the method reported by Martin et al. (2011).1 
5.2.2 Cloning of fungal GPCRs 
As detailed in Figure 2.2, some mating receptor ORFs were synthesized as codon-
optimized genes for S. cerevisiae, and others were cloned directly from the appropriate fungal 
genomic DNA (ATCC) or plasmid pLPreB. Codon optimization was performed with the JCat 
Codon Adaptation tool using the default setting for S. cerevisiae and further optimized for cloning 
with the IDT codon optimization tool (Integrated DNA Technologies). All receptor ORFs were 
incorporated into expression modules containing the S. cerevisiae TDH3 promoter and STE2 
terminator. For fluorescent assays using reporter strain yMJ183, receptor expression modules were 
cloned into low-copy plasmids derived from pRS416. For lycopene biosensor strains, receptor 
expression modules were integrated at the STE2 locus.  
5.2.3 Cloning of fluorescent reporter strain 
A codon-optimized copy of the yEmRFP fluorescent reporter gene3 was cloned with the S. 
cerevisiae pheromone-inducible FUS1 promoter and ACT1 terminator. This expression module 




deleted to yield the fluorescent reporter strain yMJ183. Genotypes of all strains are listed in 
Appendix 6.10. 
5.2.4 Cloning of lycopene biosensor strains 
The parent lycopene biosensor strain (Lyco-1; yMJ118) was constructed by cloning of 
lycopene pathway genes from E. herbicola at the reiterative recombination acceptor site in strain 
yMJ105. The crtE, crtB, and crtI ORFs were obtained from plasmid pSC203 (a generous gift from 
G. Stephanopolous at MIT). The crtE (geranylgeranyl diphosphate synthase) and crtB (phytoene 
synthase) ORFs were cloned into a constitutive expression module containing promoters from 
TEF1 and PGK1 and the bidirectional terminator from ADH1. The crtI (lycopene synthase) ORF 
was cloned into a pheromone-inducible expression module containing the promoter from FUS1 
and the terminator from ACT1. The enhanced parent lycopene biosensor strain (Lyco-2; yMJ251) 
carried an additional copy of the pFUS1-CrtI-tACT1 expression module integrated at the MET15 
locus and a pTDH3-FAD1-tCYC1 overexpression module integrated at the reiterative 
recombination acceptor site. All fungal biosensor strains described in this study were derived from 
yMJ251 by replacement of the endogenous STE2 gene with the appropriate fungal receptor 
expression module. Genotypes of all strains are listed in Appendix 6.10. 
5.2.5 Characterization of GPCR activation in S. cerevisiae 
Fungal mating receptor Ste2 activity was measured in strain yMJ183 using the fluorescent 
reporter yEmRFP. The fluorescent reporter strains carrying the appropriate fungal Ste2 expression 
plasmid were assayed in 96-well microtiter plates cultured at 30°C and 800 rpm. Cells were seeded 
at an optical density at 600 nm (OD600) of 1 in standard synthetic dropout medium (2% dextrose) 
lacking the appropriate selective component with either synthetic fungal mating peptide or water 




(excitation, 588 nm; emission, 620 nm) and cell density (OD600) were measured using an Infinite 
M200 plate reader (Tecan). The OD600 value was corrected using eq. S6 (Supplementary Methods, 
Ostrov et al.).4 To determine EC50 and fold activation values, the fluorescence response of strain 
yMJ183 carrying the appropriate Ste2 receptor was measured at different concentrations of the 
appropriate synthetic mating peptide. All raw fluorescence values were normalized by the OD600 
and plotted against the corresponding peptide concentration, and the points fit with a four-
parameter logistic curve using Prism (GraphPad). Fold activation was calculated for each receptor 
strain as the maximum OD600-normalized fluorescence of peptide-treated cells divided by the 
OD600-normalized fluorescence value of water-treated cells. For cross-reactivity measurements, 
receptor activation was individually measured using each of the synthetic fungal mating peptides 
(5 uM). Percent receptor activation was calculated by setting the OD600-normalized fluorescence 
value of cognate-peptide activation to 100% and the value of water-treated cells to 0%. 
5.2.6 Characterization of the lycopene readout in liquid culture 
Induction of lycopene was assayed using strain yMJ118 or yMJ251 in 96-well microtiter 
plates cultured at 30°C and 800 rpm. Cells were seeded at an OD600 of 2 in standard complete 
synthetic medium (2% dextrose) supplemented with 5% yeast extract peptone dextrose (YPD) 
medium and with the indicated concentration of synthetic peptide. All measurements were 
performed in triplicate. Cell density and medium conditions were chosen to more closely mimic 
conditions relevant for the yeast-based paper assay (that is, high cell density and nonselective 
complex medium) while enabling more precise spectroscopic determination of lycopene content 
(that is, higher bulk signal at early time points and low-absorbance medium). Under these 
conditions, the cultures grew to a maximal OD600 of 6. Relative lycopene content was calculated 




measured with an Infinite M200 plate reader (Tecan). Lycopene values were normalized by the 
culture OD600 to give a measure of lycopene per cell. For each strain, maximum yield of lycopene 
per OD600 was determined as the largest observed value over a 72-hour period for each biological 
replicate. Half-maximal lycopene per cell for each biological replicate was calculated as the aver- 
age of the largest and smallest lycopene per OD600 value observed over a 72-hour period. Time to 
half-maximal lycopene per cell for each strain was determined by linear interpolation between the 
two time points with lycopene per OD600 values that spanned the calculated half-maximal lycopene 
per OD600 for each biological replicate.  
5.2.7 Detection of mating peptide in supernatants of clinically isolated strains 
P. brasiliensis or C. albicans biosensor strains (yMJ258 and yMJ260, respectively) and a 
control S. cerevisiae strain (yMJ251) were used to test for the presence of the respective mating 
peptides in supernatants derived from clinically isolated pathogenic fungi or S. cerevisiae. Cells 
were seeded at an OD600 of 2 in the indicated supernatant mixed with standard complete synthetic 
medium (2% dextrose) supplemented with 5% YPD in 96-well microtiter plates and cultured at 
30°C and 800 rpm, and lycopene production was measured by absorbance as described above. A 
2× stock of medium and a 10× stock of the supernatant were used and diluted to reach the 
appropriate 1× concentration. The control supernatant for W303-1B was diluted to 50% in the final 
assay. Statistical significance of signal (that is, biosensor strain treated with its cognate 
supernatant) over noise (same biosensor strain treated with noncognate supernatants) was 
determined by performing a paired parametric t test in Prism (GraphPad). The highest P value 
resulting from sample comparisons is given as **P ≤ 0.01 and ***P ≤ 0.001 (Fig. 3E). All 





5.3 Methods specific to Chapter 3 
5.3.1 Construction of GPCR expression vectors 
The GPCR expression vector is based on pRS416 (URA3 selection marker, CEN6/ARS4 
origin of replication). All GPCRs were cloned under control of the constitutive S. cerevisiae TDH3 
promoter and terminated by the S. cerevisiae STE2 terminator. Unique restriction sites (SpeI and 
XhoI) flanking the GPCR coding sequence were used to swap GPCR genes. Most GPCRs were 
codon-optimized for S. cerevisiae, DNA sequences were ordered as gBlocks, amplified with 
primers giving suitable homology overhangs, and inserted into the linearized acceptor vector by 
Gibson assembly. DNA sequences of all GPCR genes as well as the sequence of the full expression 
cassette (TDH3p-xy.Ste2- STE2t) integrated into the Δste2 locus are listed in Appendix 6.3.  
5.3.2 Construction of peptide secretion vectors 
The peptide secretion vector is based on pRS423 (HIS3 selection marker, 2μ origin of 
replication). The peptide coding sequence was designed based on the natural S. cerevisiae α-factor 
precursor as described previously.5 In brief, to make a general secretion cassette, we amplified the 
MFα1 gene with or without the Ste13 processing site (EAEA). The actual sequences for the peptide 
ligands were inserted via a unique restriction site (AflII) after the pre- and pro-sequence, thus the 
peptide DNA sequence could be swapped by Gibson assembly using peptide-encoding oligos 
codon-optimized for expression in yeast. The DNA and resulting protein sequences of all peptide 
precursor genes are listed in Appendix 6.6. We used the constitutive ADH1 promoter or the ligand-
dependent FUS1 and FIG1 promoters to drive peptide expression. Promoters were amplified from 






5.3.3 CRISPR-Cas9 System 
The Cas9 expression plasmid was constructed by amplifying the Cas9 gene with TEF1 
promoter and CYC1 terminator from p414-TEF1p-Cas9-CYC1t55 cloned into pAV115, using 
Gibson assembly. For short genes, MFALPHA1/2 and MFA1/2, a single gRNA was cloned into a 
gRNA acceptor vector (pNA304) engineered from p426-SNR52p-gRNA.CAN1.Y-SUP4t to 
substitute the existing CAN1 gRNA with a NotI restriction site. gRNAs were cloned into the NotI 
sites using Gibson assembly. Double gRNAs acceptor vector (pNA0308) engineered from 
pNA304 cloned with the gRNA expression cassette from pRPR1gRNAhandleRPR1t with a 
HindIII site for gRNA integration. gRNAs were cloned into the NotI and HindIII sites using 
Gibson assembly. For engineering yeast using the Cas9 system, cells were first transformed with 
the Cas9 expressing plasmid, followed by co-transformation of the gRNA carrying plasmid and a 
donor fragment. Clones were then verified using colony PCR with appropriate primers.  
5.3.4 Construction of core peptide-GPCR language acceptor strains 
Core S. cerevisiae strains yNA899 and yNA903 are derivatives of strain BY4741 (MATa 
leu2Δ0 met15Δ0 ura3Δ0 his3Δ1) and BY4742 (MATα lys2Δ0 leu2Δ0 ura3Δ0 his3Δ1), 
respectively. They are deleted for both S. cerevisiae mating GPCR genes (ste2 and ste3) and all 
mating pheromone-encoding genes (mfa1, mfa2, mfα1, mfα2) as well as for the genes far1, sst2, 
and bar1. All genes were deleted as clean open reading frame deletions using CRISPR/Cas9 as 
described below. In most cases, except for MFA genes, two gRNAs were designed for each gene 
to target sequences on the 5′ and 3′ end of the gene’s open reading frame (all gRNA sequences are 
listed in Appendix 6.13). Genes were deleted sequentially. After each round of gene deletion, 





5.3.5 Genomic integration of color read-outs and GPCR genes 
yNA899 was used to insert a FUS1 and a FIG1 promoter-driven yEmRFP into the HO 
locus. Using yeast Golden Gate (yGG), we assembled a transcription unit of the appropriate 
promoter (FUS1 or FIG1) with yEmRFP coding sequence and a CYC1 terminator into 
pAV10.HO5.loxP. Following yGG assembly and sequence verification, plasmid was digested with 
NotI restriction enzyme and transformed into yeast cells. Clones are then verified using colony 
PCR with appropriate primers. The resulting strain JTy014 was used for all GPCR 
characterizations by transforming it with the appropriate GPCR expression plasmids. GPCR genes 
were integrated into the ste2Δ locus of yNA899. The TDH3p-xySte2-STE2t expression cassette 
for BcSte2, ScSte2, CaSte2, KpSte2, ClSte2, CguSte2, HjSte2, SoSte2, and SjSte2 was used as 
repair fragment. The resulting generic locus sequence is listed in Appendix 6.3.  
5.3.6 Construction of peptide-dependent yeast strains 
yNA899 was used as parent. First, expression cassettes for BcSte2 and CaSte2 were 
integrated into the ste2Δ locus as described above. We then replaced the DNA-binding domain of 
the pheromone-inducible transcription factor Ste12 (residues 1–215) with the zinc-finger-based 
DNA binding domain 43–86 (the resulting Ste12 variant is referred to as orthogonal Ste12*, Figure 
3.17). We then replaced the natural SEC4 promoter with differently designed synthetic orthogonal 
Ste12* responsive promoters (OSR promoters) and screened resulting strains for best performers 
(with regard to peptide-dependent growth). Resulting strains ySB270 (CaSte2) and ySB188 
(Vp1Ste2) feature OSR4, strain ySB265 (BcSte2) features OSR1. All genomic engineering steps 






5.3.7 GPCR on-off activity and dose-response assay 
GPCR activity and response to increasing the dosage of synthetic peptide ligand was 
measured in strain JTy014 using the genomically integrated FUS1-promoter-controlled yEmRFP 
as a fluorescent reporter. JTy014 strains carrying the appropriate GPCR expression plasmid were 
assayed in 96-well microtiter plates using 200 μl total volume, cultured at 30 °C and 800 rpm. 
Cells were seeded at an OD600 of 0.3 (note: all herein reported cell density values are based on 
OD600 measurements in 96-well plates of a 200 μl volume of cultures with a path length of ~0.3 
cm performed in an Infinite M200 plate reader from Tecan) in SC media lacking uracil (selective 
component). All measurements were performed in triplicates. RFP fluorescence (excitation: 588 
nm, emission: 620 nm) and culture turbidity (OD600) were measured after 8 h using an Infinite 
M200 plate reader (Tecan). Since the optical density values were outside the linear range of the 
photodetector, all optical density values were first corrected using the methods outlined in Ostrov 
et al. (2017).4 Dose–response was measured at different concentrations (11 fivefold dilutions in 
H2O starting at 40 μM peptide, H2O was used as no peptide control) of the appropriate synthetic 
peptide ligand. All fluorescence values were normalized by the OD600 and plotted against the log 
(10)-converted peptide concentrations. Data were fit to a four-parameter non-linear regression 
model using Prism (GraphPad) in order to extract GPCR-specific values for basal activation, 
maximal activation, EC50, and the Hill coefficient. Fold-activation was calculated for each GPCR 
as the maximum OD600-normalized fluorescence of peptide-treated cells divided by the OD600 







5.3.8 GPCR orthogonality assay using synthetic peptides 
GPCR activation was individually measured in 96-well microtiter plates in triplicate using 
each of the synthetic peptides (10 μM). Cells were seeded at an OD600 of 0.3 in 200 μl total volume 
in 96-well microtiter plates, cultured at 30 °C and 800 rpm. Endpoint measurements were taken 
after 12 h, as described above. Percent receptor activation was calculated by setting the OD600-
normalized fluorescence value of the maximum activation of each GPCR (not necessarily its 
cognate ligand) to 100% and the value of water-treated cells to 0%, with any negative values set 
to 0%.  
5.3.9 Peptide secretion liquid culture assay 
We examined peptide secretion in liquid culture by co-culturing a secreting and a sensing 
strain (expressing the cognate GPCR) and measuring fluorescence of the induced sensing strain. 
Peptide secretion was under control of the constitutive ADH1 promoter. Secretion strains for each 
peptide were constructed by transforming yNA899 with the appropriate peptide expression 
construct (pRS423-ADH1p-xy.Peptide) along with an empty pRS416 plasmid. Sensor strains were 
constructed by transforming JTy014 with the appropriate GPCR expression construct (pRS416-
TDH3p-xy.Ste2) along with an empty pRS423 plasmid. Matching the auxotrophic markers of the 
secretion and sensor strains allowed for robust co-culturing. Secreting and sensing strains were 
seeded in a 1:1 ratio each at an OD600 of 0.15, and OD600 and red fluorescence were measured after 
12 h. Experiments were run in triplicate. An unpaired t test was performed for each peptide with 
an alpha value=0.05 to determine if differences in secretion between constructs containing or not 
containing the Ste13 processing site were significant. A single asterisk indicates a P-value < 0.05; 





5.3.10 Secretion orthogonality assay 
The same sensing and secreting strains as described for the “Peptide secretion liquid culture 
assay” (above) were used to confirm orthogonality of secreted peptide in co-culture. Only the 
constructs that retained the Ste13 processing site were used. To determine orthogonality, each of 
the 16 constructed secretion strains were co-cultured 1:1 each at an OD600 of 0.15 with the 
corresponding sensor strains to test for GPCR activation by non-cognate peptide, and OD600 and 
red fluorescence were measured after 14 h. Experiments were run in triplicate. Percent activation 
of the sensor strain was normalized by setting the maximum observed activation of the sensor 
strain (not necessarily by the cognate ligand) to 100% and setting the basal fluorescence from co-
culturing each sensor strain with a non-secreting strain to 0% activation, with any negative values 
set to 0%.  
5.3.11 Transfer functions through minimal communication units 
yNA899 with the appropriate GPCR integrated into the Ste2 locus using the CRISPR 
system (described above) was transformed with the appropriate peptide secretion plasmid 
(pRS423-FIG1p-xy peptide retaining the Ste13 processing site), and the resulting strains were used 
as cell 1 (c1, sender). JTy014 was transformed with the appropriate GPCR expression plasmid 
(pRS416-TDH3p-xy.Ste2) and used as cell 2 (c2, reporter). As c1 and c2 didn’t have the same 
auxotrophic markers, validated strains were grown overnight in selective media and then seeded 
at a 1:1 ratio each at an OD600 of 0.15 in SC media. Cells were cultured in a total volume of 200 μl 
in 96-well microtiter plates, and c1 was induced with the appropriate synthetic peptide at 2.5 nM, 
50 nM, and 1000 nM, using water as the 0 nM control. Red fluorescence and OD600 were measured 
after 12 h. As a control, c2 was co-cultured with a non-secreting strain carrying an empty pRS423 




5.3.12 Multi-yeast paracrine ring assay 
Communication loops were designed so that a single fluorescent measurement would 
indicate signal propagation through the full ring topology. An initiator strain was constructed by 
integrating the Ca.Ste2 into JTy014 and transforming it with a constitutive Kp peptide secretion 
plasmid (pRS423-ADH1p-Kp.Peptide). Linker strains from the transfer functions experiment 
(without a fluorescent readout) were used to complete each communication ring. Communication 
rings were seeded in triplicate at equal ratios (OD600 = 0.02 each) in 10 mL selective 2x SC–His 
medium and incubated at 30 °C with 250RPM shaking for 36 h. In total, 200 μL samples were 
taken for a fluorescent measurement of red fluorescence (588 nm/620 nm excitation/emission) in 
technical triplicate in a 96-well black clear-bottom plate and normalized by A600. To demonstrate 
that communication is contingent on a complete ring topology, a control with the first linker yeast 
strain in each ring dropped out was performed in parallel. The panels compare the normalized red 
fluorescent signal for each ring to the dropout control, with the fold-change induction of the 
completed ring indicated.  
5.3.13 Tree topology assay 
Bus and tree topologies were designed so that a single fluorescent measurement would 
indicate signal propagation through the full topology. To enable branched topologies with two-
input nodes, an additional orthogonal GPCR was integrated into the STE3 locus using the 
CRISPR–Cas9 system described above (strains ySB315 and ySB316, Appendix 6.13). Single and 
dual dose-response characteristics of ySB315 and ySB316 confirmed the ability to activate either 
or both co-expressed GPCRs (Figure 3.8). ySB315 and ySB316 were then transformed with the 
appropriate peptide secretion plasmids and combined with linker strains validated from the transfer 




readout of communication. Communication topologies were seeded at equal ratios (A600 = 0.02 
each) in 10 mL selective 2x SC–His medium and incubated at 30 °C with 250RPM shaking for 16 
h. In total, 200 μL samples were taken for a fluorescent measurement of red fluorescence (588 nm/ 
620 nm excitation/emission) in technical triplicate in a 96-well black clear-bottom plate and 
normalized by A600. To demonstrate that dual-input nodes may be activated by either one or two-
input peptides, different combinations of the input peptides were added at 1 μM each. Fold change 
compared with no added peptide is indicated.  
5.3.14 Flow cytometry 
Cells were seeded at an A600 of 0.3. Cells were exposed to the indicated peptide 
concentrations and cultured for 12 h in 96-well microtiter plates in a total volume of 200 μl at 30°C 
and 800 rpm shaking. For each sample, 50,000 cells were analyzed using a BD LSRII flow 
cytometer (excitation: 594 nm, emission: 620 nm). The fluorescence values were normalized by 
the forward scatter of each event to account for different cell size using FlowJo Software.  
5.3.15 Peptide-dependent growth assay 
Strains ySB270, ySB265, and ySB188 were maintained on SD agar plates supplemented 
with 1 μM of Ca, Bc, or Vp1 peptides. For assaying their peptide-dependent growth response, 
strains were cultured overnight in the presence of 100 nM peptide in SC–His. Cells were washed 
five times with one volume of water. Cells were then seeded in 200 μl SC (no selection) at an 
A600 of 0.06 and cultured at 30 °C and 800 rpm shaking. Cells were exposed to different 
concentrations of peptide (seven 10-fold dilutions starting from 1 μM, water was used for the “no-
peptide” control). A600 was determined at various time points over the course of 24 h. The 24 h-
data points were plotted against the log10 of the peptide concentrations. Data were fit to a four-




peptide/growth EC50. For dot assays, serial 10-fold dilutions of overnight cultures of ySB270 and 
ySB265 were spotted on SD agar plates supplemented with or without 1 μM peptide and incubated 
at 30 °C for 48 h.  
5.3.16 Two-yeast and three-yeast interdependent co-culturing 
Strains ySB270, ySB265, and ySB188 were transformed with the appropriate peptide 
secretion vectors (Bc, Ca, or Vp1) featuring peptide expression under the constitutive ADH1 
promoter. For assaying two-yeast interdependence, the resulting peptide-secreting strains (treated 
with peptide and washed as described above) were seeded in the appropriate combination in a 1:1 
ratio in 200 μl SC–His at an A600 of 0.06 (0.03 each) and cultured at 30 °C and 800 rpm shaking. 
The same cell number of single strains was seeded alone and cultured in parallel as control. A600 
measurements were taken at the indicated time points and cultures were diluted into fresh media 
when the culture reached an A600 of 0.8-1. For assaying three-yeast interdependence, the 
appropriate peptide secreting strains (c1, c2, and c3) were inoculated in a ratio of 1:1:1 in 200 μl 
SC–His media at an A600 of 0.06 (0.02 each) in a 96-well plate cultured at 30 °C and 800 rpm 
shaking. Experiments were run in triplicate. All three combinations of controls lacking one 
essential member (c1 omitted, c2 omitted, c3 omitted) were run in parallel. A600 measurements 
were taken at the indicated time points, and cultures were diluted 1:20 into fresh media 
approximately every 12 h. After 115 h, the dilution rate was reduced to 1:20 every 24 h. The total 
run time was 183 h (~ 7.5 d). Samples were taken before every dilution. Samples were used to 
determine the co-culture composition and the peptide concentration. Deconvolution of strain 
identity: aliquots of the culture were plated on three different plate types, YPD containing either 1 
μM Bc, Ca, or Vp1 synthetic peptide. Each strain can only grow on plates containing its cognate 




concentration: We used JTy014 transformed with the appropriate GPCR as peptide sensor. The 



































5.4 Methods specific to Chapter 4 
5.4.1 Yeast stand-off assay 
 S. cerevisiae and S. paradoxus strains were grown to OD600 ~ 1.0 and spread evenly on 
YPD-agar plates to form a lawn of cells. The middle of the agar plate was then inoculated with a 
plug of Ganoderma. The linear expansion of Ganoderma mycelium was measured over time, and 
the yeast inhibitory effects were calculated as a function of the fungal expansion rate (Figure 4.2). 
5.4.2 Imaging of yeast-mycelial ELM 
 A BioRad ChemiDoc MP Imaging system was used to measure yEmRFP fluorescence in 
the yeast-mycelial ELM. Samples were imaged using one second exposure using the Krypton 
protein gel setting (Green LED illumination, 595/36nm bandpass emission filter). Images are then 
exported into BioRad Image Lab, where the average fluorescent intensity can be measured. 
5.4.3 GPCR Nutrient assay 
 Nutrients were supplemented according to their final concentration in Synthetic Complete 
(SC) medium. A 10x Nitrogen source was prepared by dissolving 5g of Ammonium Sulfate in 
100mL of sterile ddH20. A 10x Carbon source was prepared by dissolving 20g of Glucose in 
100mL of sterile ddH20. A 10x Phosphate source was prepared by dissolving 1g of Potassium 
Phosphate in 100mL of sterile ddH20. A 20x Amino acid source (plus Uracil) was prepared by 
dissolving the following in a final volume of 100mL ddH2O: Histidine (40mg), Tryptophan 
(40mg), Uracil (40mg), Leucine (180mg), Adenine Sulfate (40mg), Arginine HCl (40mg), 
Aspartic Acid (200mg), Glutamic Acid (200mg), Isoleucine (60mg), Lysine (60mg), Methionine 
(40mg), Phenylalanine (100mg), Serine (80mg), Threonine (400mg), Tyrosine (60mg), and Valine 
(300mg). ySB98 (CaSte2 pFUS1-yEmRFP) was normalized to an OD600 of ~1.0 and seeded in 96-




stationary phase. The cells were spun down at 4000RPM for eight minutes and the supernatant 
was removed. The cells were then supplemented with all possible combinations of the four key 
nutrients (Nitrogen, Carbon, Phosphate, Amino Acids) in the presence or absence of 1uM Ca 
peptide. yEmRFP induction was measured after 12 hours in a Tecan plate reader (588nm/620nm 
excitation/emission). RFP signal was normalized by the OD600 and graphed using Prism GraphPad 
software. 
5.4.3 Fluorescent Halo Assay 
 Yeast strains were grown overnight in SC(U-) media and washed 1x with sterile water. 
SC(U-) agar plates were prepared in rectangular Nunc OmniTrays. Cells were then added to 6mL 
of 0.5% agar at ~40ºC at a final OD600 of ~1.0 and quickly plated onto the SC(U-) agar plates. 
After the soft agar layer had solidified, 10uL peptide or water blank was carefully pipetted onto 
the soft agar layer. The trays were then incubated at 30ºC and periodically measured using the 
BioRad ChemiDoc MP Imaging system. Images were then exported into BioRad Image Lab, 
where the volume tool was used to measure the halo area (mm2) and fluorescent intensity (average 
fluorescent intensity). The extracted data was then graphed using Prism GraphPad software. 
5.4.4 Evaluation of environmental sensors 
 Induction of a metal sensor (pCUP1) was tested using serial dilutions of CuSO4 and 
measuring yEmRFP induction (588nm/620nm excitation/emission) in a Tecan plate reader after 8 
hours incubation. Blue light sensors were tested by exposing strains to 15 minute on/off cycles of 
blue light (470nm, 20mW/cm2) for four hours. Cells were then incubated for two hours at 30ºC to 
allow maturation time for the yEmRFP. Strain preparation was done in the dark, and negative 
controls were done by covering part of the 96-well plate with aluminum foil. Temperature-




measuring yEmRFP signal after eight hours incubation. RFP signal was normalized by constitutive 
GFP fluorescence in the background strain (yMJ106) to account for changes in protein expression 
levels at different temperatures. 
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A1 Overview of GPCRs and peptide ligands 
Ascomycete species used for genomic GPCR extraction, inferred peptide ligands (Appendix 6.2 
lists peptide precursors used for inference of peptide ligands) and % identity of a given GPCR’s 
amino acid sequence or a given motif stretch when compared to the S. cerevisiae Ste2. GPCRs are 
organized by % identity (full Ste2). For species codes labeled with a reference, the #1 peptide 
candidate has been postulated or tested before. 











1 Sc1 Saccharomyces cerevisiae 1-WHWLQLKPGQPMY 100 100 100 
2 Sca2 Saccharomyces castellii 1-NWHWLRLDPGQPLY 67.68 100 100 
3 Vp22 Vanderwaltozyma polyspora2 
1--WHWLRLRYGEPIY 
2-PWHWLRLRYGEPIY 52.82 100 90.48 
4 Vp12 Vanderwaltozyma polyspora1 1-WHWLELDNGQPIY 50.79 100 85.71 




49.8 100 95.24 
6 Sk3 Saccharomyces kluyveri 
1--WHWLSFSKGEPMY 
2-PWHWLSFSKGEPMY 49.3 100 90.48 
7 Kl2 Kluyveromyces lactis 
1---WSWITLRPGQPIF 
2-SPWSWITLRPGQPIF 48.93 75.0 85.71 
8 Zr2 Zygosaccharomyces rouxii 
1--HFIELDPGQPMF 
2-AHFIELDPGQPMF 44.92 100 100 





44.34 100 100 
10 Cg4 Candida glabrata 1-WHWVRLRKGQGLF 2-WHWVKIRKGQGLF 43.45 87.5 80.95 
11 Ag Ashbya gossypii 1-WFRLSLHHGQSM 41.04 87.5 80.95 
12 Ss Scheffersomyces stipitis 
1--WHWTSYGVFEPG 
2-PWHWTSYGVFEPG 36.22 75.0 66.67 
13 Kp  Komagataella (Pichia) pastoris 1-FRWRNNEKNQPFG 35 87.5 66.67 
14 Cgu2 Candida (Pichia) guilliermondii 1-KKNSRFLTYWFFQPIM 33.9 87.5 66.67 
15 Cp2 Candida parapsilosis 1-KPHWTTYGYYEPQ 31.33 87.5 80.95 
16 Cau Candida auris 1-KWGWLRFFPGEPFV 30.87 87.5 71.43 











30.69 75.0 71.43 
19 Ca5 Candida albicans 1-GFRLTNFGYFEPG 28.83 87.5 85.71 
20 Ct2 Candida tropicalis 1-KFKFRLTRYGWFSPN 28.11 75.00 76.19 
21 Cn Candida tenuis 1-FSWNYRLKWQPIS 27.49 62.5 71.43 
22 Le2 Lodderomyces elongisporous 
1----WMWTRYGRFSPV 
2-DPGWMWTRYGRFSPV 26.97 87.5 76.19 
23 Gc Geotrichum candidum 
1--GDWGWFWYVPRPGDPAM 
2-PGDWGWFWYVPRPGDPAM 26.76 87.5 57.14 
24 Bm Baudoinia compniacensis 1-GWIGRCGVPGSSC 26.56 87.5 42.86 
25 So2 Schizosaccharomyces octosporus 
1-----TYEDFLRVYKNWWSFQNPDRPDL 
2-PACTTYEDFLRVYKNWWSFQNPDRPDL 26.04 87.5 28.57 
26 Tm Tuber melanosporum 1-WTPRPGRGAY 25.94 100 38.10 
27 Ao2 Aspergillus oryzae 1-WCALPGQGC 24.67 87.5 33.33 
28 Sp6 Schizosaccharomyces pombe 
1--TYADFLRAYQSWNTFVNPDRPNL 





1-WCHLPGQGC 23.67 87.5 42.86 




23.56 87.5 28.57 
31 Sj2 Schizosaccharomyces japonicus 
1-----VSDRVKQMLSHWWNFRNPDTANL 
2-PERRVSDRVKQMLSHWWNFRNPDTANL 23.3 87.5 28.57 
32 Pb7 Paracoccidioides brasiliensis 1-WCTRPGQGC 22.9 87.5 28.57 
33 Mg Mycosphaerella graminicola 
1-GNSFVGWCGAIGAPCA 
2-------WCGAIGAPCA 22.44 100 42.86 
34 Pr Penicillium chrysogenum 
1-WCGHIGQGC 
2-KWCGHIGQGC 21.81 87.5 33.33 
35 An8 Aspergillus nidulans 1-WCRFRGQVCG 21.73 87.5 38.10 
36 Sn2 Phaeosphaeria nodorum 1-KYNGWRYRPYGLPVG 21.61 75.0 38.10 
37 Hj Hypocrea jecorina 1-WCYRIGEPCW 2-WCWILGGKCW 19.87 75.0 15.00 
38 Bc2 Botrytis cinerea 1-WCGRPGQPC 19.54 75.0 28.57 
39 Bb Beauvaria bassiana 1-WCMRPGQPCW 2-WCMQTPKCW 19.23 50.0 15.00 
40 Nc9 Neurospora crassa 1-QWCR---IHGQSCW 2-QVCNMRLHPKKVCW 18.94 50.0 20.00 
41 She Sporothrix scheckii 1---YCPLKGQSCW 2-QRYCPLKGQSCW 18 62.5 15.00 
42 Mo2 Magnaporthe oryzea 1-QWCPRRGQPCW 17.56 50.0 20.00 
43 Dh Dactylellina haptotyla 1-WCVYNSCP 17.02 37.5 33.33 
44 Fg2 Fusarium graminearum 
1-WCWWKGQPCW 


















































A2 Annotated pre-pro peptides used to infer mature peptide ligand sequences 
Green: Potential secretion signal sequences. Bold: Potential Kex2 processing sites. Orange: 
Potential Ste13 processing sites. Underlined: Inferred mature peptide sequence. Grey highlighted 
residues: Repetitive extensions, yielding alternate peptide candidates. For Species codes labeled 
with a reference, #1 peptide candidates have been postulated or tested before. 
 Code Mature peptide ligand Precursor 
1 Af2 1-WCHLPGQGC MRLLSLVLATFAATAVQADITPWCHLPGQGCYMLKRAAD
ASDEVRRSASAVAEAVAEAFPQTPWCHLPGQGCAKAKRA
AEAAEEVKRSADAFAEAMAAFEKE 
2 Ag 1-WFRLSLHHGQSM MKTTHILSLATLAACAPVQPAPVQPTDLAAAANVPEKAV
LGFFQLYNVGDVELLPVDDGAHSGILFVNRTLADVDYSS
EHVVQKWFRLSLHHGQSM 




4 Ao2 1-WCALPGQGC MKLISVVVAALAATSVQAGVLQKWCSLPAQGCYMLKRAA
DASGDVRRSAEALSEAMPDAEALAKWCALPGQGCLKAKR
AAEAVEEARRSADALADAMADLGEY 







































































































































































































27 Pb7   






















































35 Sn2 1-KYNGWRYRPYGLPVG 





















































































































A3 Sequences of codon-optimized GPCR genes 
Codon-optimized GPCR genes were cloned into vector pRS416 under control of the constitutive 
TDH3 promoter and the Ste2 terminator. The first row shows the sequence of the generic GPCR 
expression cassette. The second row shows the STE2 locus replaced by the generic expression 
cassette.   

















STE2 locus with integrated TDH3p-xy.Ste2-Ste2t expression cassette (100bp upstream and 
100bp downstream, corresponds to Ste2 terminator) 
GTATCCTGCTTTGCAATGAAACAATAGTATCCGCTAAGAATTTAAGCAGGCCAACGTCCATACTGC
TTAGGACCTGTGCCTGGCAAGTCGCAGATTGAAG – AGTTT… TDH3p-xy.Ste2…TAG -	
CTCGAGACGGCTTTGAAAAAGTAATTTCGTGACCTTCGGTATAAGGTTACTACTAGATTCAGGTGC
TCATCAGATGCACCACATTCTCTATAAAAAAAAA 
STE3 locus with integrated TDH3p-xy.Ste2-Ste2t expression cassette (100bp upstream and 
100bp downstream, corresponds to Ste2 terminator) 
CTATATTATTGTACCACATTGCCAGATTTATGAACTCTGGGTATGGGTGCTAATTTTCGTTAGAAGC
GCTGGTACAATTTTCTCTGTCATTGTGACACTA – AGTTT …TDH3p-xy.Ste2…TAG - 
CACAAGAGTGTCGCATTATATTTACTGGACTAGGAGTATTTTATTTTTACAGGACTAGGATTGAAAT
ACTGCTTTTTAGTGAATTGTGGCTCAAATAATG 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A4 Peptide-GPCR dose-response parameters 
Parameters were extracted from the dose-response curves given in Figure 3.5 by fitting them to a 
four-parameter model using Prism GraphPad. Errors represent the standard error of the curve 
generated from triplicate values, except for fold change error, which was propagated from the Top 
and Bottom errors. Peptide-GPCR pairs are ordered alphabetically according to the two-letter 
species code. 


















Bb -8.50 0.04 244.1 2.5 25.2 2.8 218.9 3.9 9.70 1.07 0.97 0.07 
Bc -8.08 0.06 351.9 5.8 28.6 5.3 323.3 8.6 12.32 2.31 0.71 0.06 
Bm -6.74 0.05 158.8 3.3 30.3 1.9 128.4 3.9 5.24 0.34 1.23 0.16 
Ca -7.74 0.05 271.6 3.8 38.9 3.1 232.8 5.1 6.98 0.56 1.02 0.09 
Cau -8.07 0.08 336.9 6.7 50.6 6.2 286.3 9.8 6.66 0.83 0.81 0.10 
Cg -5.92 0.03 213.6 4.0 30.5 1.9 183.0 4.5 7.00 0.45 2.44 0.52 
Cgu -7.39 0.04 211.7 2.7 41.2 2.0 170.5 3.5 5.14 0.26 1.09 0.10 
Cl -7.48 0.06 225.8 4.4 39.8 3.2 186.0 5.8 5.68 0.47 0.93 0.11 
Cn -7.38 0.09 152.2 4.2 29.7 3.0 122.5 5.4 5.13 0.54 1.08 0.20 
Cp -8.49 0.04 254.0 2.7 36.2 3.0 217.8 4.3 7.01 0.58 0.76 0.05 
Ct -8.19 0.22 166.7 10.1 32.0 10.0 134.6 14.7 5.20 1.65 1.22 0.62 
Fg -7.07 0.03 232.2 2.5 29.2 1.6 203.0 3.0 7.95 0.44 1.35 0.10 
Gc -6.90 0.04 187.2 2.8 22.9 1.8 164.3 3.4 8.17 0.65 1.81 0.18 
Hj -7.83 0.08 429.5 9.3 53.0 7.3 376.5 13.2 8.10 1.13 0.61 0.06 
Kl -7.30 0.04 223.1 2.8 37.2 1.8 185.9 3.6 5.99 0.30 0.76 0.05 
Kp -8.18 0.06 269.1 4.4 44.8 4.2 224.3 6.5 6.01 0.58 0.85 0.09 
Le -7.66 0.05 412.5 6.4 22.9 4.7 389.6 8.8 17.98 3.70 0.66 0.05 
Mo -5.30 0.10 97.6 5.5 29.9 1.0 67.7 5.7 3.26 0.21 1.23 0.24 
Nc -6.29 0.05 286.7 6.4 27.6 1.7 259.2 7.2 10.40 0.69 0.59 0.03 
Pb -6.01 0.11 217.1 9.3 20.2 1.6 196.9 10.1 10.77 0.96 0.46 0.03 
Pd -7.73 0.10 190.0 5.2 28.8 4.0 161.2 7.2 6.59 0.93 0.65 0.09 
Pr -5.75 0.08 207.3 7.3 27.9 1.1 179.4 7.7 7.43 0.40 0.60 0.04 
Sc -8.89 0.04 253.1 2.2 36.2 2.8 217.0 3.8 7.00 0.55 0.95 0.07 
Sca -8.08 0.05 155.4 1.9 24.3 1.7 131.1 2.8 6.39 0.46 0.74 0.05 
Sj -7.78 0.03 311.3 3.7 21.2 3.1 290.0 5.1 14.66 2.17 1.22 0.10 
So -7.78 0.06 263.4 6.2 23.7 5.5 239.7 5.5 11.12 2.58 1.55 0.35 
Sp -6.23 0.19 224.3 16.7 29.6 3.9 194.7 3.9 7.58 1.14 0.53 0.09 
Ss -7.91 0.05 318.0 5.0 23.0 4.4 295.0 7.0 13.80 2.63 0.94 0.09 




Vp2 -7.69 0.03 215.2 1.8 28.0 1.5 187.2 2.4 7.68 0.41 1.11 0.06 
Zb -5.80 0.02 292.5 3.5 39.1 1.3 253.4 3.9 7.48 0.26 1.68 0.13 































A5 Reversibility and re-inducibility of GPCR signaling 
All strains carry the indicated GPCR and a FUS1p-controlled red fluorescent read-out on the 
chromosome. a: ySB98 with chromosomally integrated Ca.Ste2. b: ySB99 with chromosomally 
integrated Sc.Ste2. c: ySB100 with chromosomally integrated Bc.Ste2. At time point zero, GPCRs 
were activated with 50 nM peptide. After reaching sufficient induction, cells were washed with 
water to remove the peptide. Cells were re-seeded and grown until the fluorescence level went 
back to baseline. After reaching baseline, cells were re-induced with 50 nM peptide. Positive and 
negative controls using cells constantly exposed to 50 nM peptide and cells not exposed to peptide 
were run simultaneously. Experiments were performed in 96-well plates (200 μl) and run in 




A6 DNA sequences of peptide ligand expression cassettes 
Peptide expression cassettes were cloned into vector pRS423 under control of the constitutive 
ADH1 promoter or the peptide inducible FUS1p promoter. The first row shows the amino acid 
sequence of the designed generic peptide ligand precursor. The second row shows its DNA 
sequence. This precursor was used to clone in all other peptide ligand sequences. The sequences 
were ordered as oligonucleotides codon-optimized for expression in yeast and inserted into the 
cassette by Gibson assembly. The secretion signal is highlighted in green, the Kex2 processing site 
is marked in bold grey, the Ste13 processing site encoding sequence is marked in bold. Peptide 
sequences are ordered alphabetically according to their 2-letter species code. 
Amino acid sequence of peptide precursors 
RFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYLDLEGDFDVAVLPFSNSTNNGLLFINTTIASIA
AKEEGVSLDKR(EAEA)-peptide-Stop 
DNA sequence of peptide pre-pro precursor 




TACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCTTTGGATAAAAGA – peptide sequence - 
TAG 





peptide sequence - TAG 


















































A7 Top-performing yeast strains from stand-off assay 
Table of strains from Figure 4.2. Yellow are diploid, Orange are MATa haploid, Blue are MATa 
haploid. NCYC strains were sourced from Cubillos et al. (2009).10 CLIB strains were sourced from 






Strain Species Source 
NCYC 3557 100% DBVPG 6040 C Fermenting fruit juice 
NCYC 3558 100% 273614N C Clinical isolate (Fecal) 
NCYC 3645 89% Q74.4 P Bark of Quercus spp 
NCYC 3647 89% W7 P Bark of Quercus spp 
NCYC 3654 86% KPN3828 P Bark of Q. robur 
NCYC 3566 80% YJM981 C Vaginitis 
NCYC 3635 77% Y7 P Bark of Quercus spp 
NCYC 3687 75% N-44 P Exudate of Q. mongolica 
NCYC 3658 74% A4 P Bark of Quercus rubra 
NCYC 3648 72% Q31.4 P Bark of Quercus spp 
NCYC 3651 72% Y8.1 P Bark of Quercus spp 
NCYC 3637 72% Q59.1 P Bark of Quercus spp 
NCYC 3644 67% Y9.6 P Bark of Quercus spp 
NCYC 3565 64% YJM978 C Vaginitis 
NCYC 3641 60% Y6.5 P Bark of Quercus spp 
NCYC 3642 60% Q62.5 P Bark of Quercus spp 
NCYC 3562 58% SK1 C Soil 
NCYC 3655 58% KPN3829 P Bark of Q. robur 
NCYC 3681 57% N-17 P Exudate of Q. robur 
NCYC 3608 55% S288C C Rotting fig 
CLIB 1769 55% 2D C Flor wine strain 
NCYC 3597 55% DBVPG 6765 C unknown 
NCYC 3568 54% DBVPG 1373 C Soil 
NCYC 3598 53% L_1374 C fermentation from must pais 
NCYC 3693 52% Q59.1 P Bark of Quercus spp 
NCYC 3633 52% CBS432 P Bark of Quercus spp 
NCYC 3652 52% N-17 P Exudate of Q. robur 
NCYC 3636 50% Q32.3 P Bark of Quercus spp 
NCYC 3574 50% DBVPG 6044 C 





NCYC 3646 50% Q69.8 P Bark of Quercus spp 
NCYC 3677 50% Q31.4 P Bark of Quercus spp 
NCYC 3696 49% Z1.1 P Bark of Quercus spp 
NCYC 3650 48% Z1.1 P Bark of Quercus spp 
NCYC 3656 48% YPS138 P soil beneath Q. velutina 
NCYC 3667 47% Q95.3 P Bark of Quercus spp 
NCYC 3683 45% KPN3829 P Bark of Q. robur 
NCYC 3599 43% L-1528 C Fermentation from must cabernet 
NCYC 3649 43% Y8.5 P Bark of Quercus spp 
NCYC 3563 42% DBVPG 1853 C White teff 
NCYC 3587 41% 322134S C Clinical isolate (throat sputum) 
NCYC 3679 40% Z1.1 P Bark of Quercus spp 
NCYC 3698 40% Q62.5 P Bark of Quercus spp 























A8 Predicted cellulose-binding domains from Ganoderma 
Sequences and sequence alignment of predicted cellulose-binding domains from Ganoderma 













PVWGQCGG I GWTGAT T CVAGSVCT KQNDYY SQC I
PEWGQCGG I GWTGDT T CVAGT VCT VQNPYY SQC L
EWGQCGG I GWTGAT T CV SGT VCT K I NDYY SQC L
PQYGQCGG I GWTGAT T CPDGWT CT I SNEYY SQC L
WGQCGG I GYTGST VCDAGSVCV FENDYY SQCQ
EWGQCGG I GWTGPT T CVAGT T CT YQNDYY SQC L
PVWAQCGG I GWTGGT T CVDGT VCT KQNDYY SQC L
WGQCGG I GYTGST VCDAGSVCV FENDYY SQCQ
PVWGQCGG I GWTGAT T CVAGT T C I T LNPYY SQCQ
EWGQCGG I GWTGAT T CV SGT VCT K I NDYY SQC L













PVWGQCGG I G WTGAT TCVAG SVCTKQNDYY SQC I
PVWGQCGG I G WTGAT TCVAG SVCTKQNDYY SQC I
PVWAQCGG I G WTGGT TCVDG T VCTKQNDYY SQCL
E- WGQCGG I G WTGAT TCV SG T VCTK I NDYY SQCL
E- WGQCGG I G WTGAT TCV SG T VCTK I NDYY SQCL
PEWGQCGG I G WTGDT TCVAG T VCT VQNPYY SQCL
E- WGQCGG I G WTGPT TCVAG T TCT YQNDYY SQCL
PVWGQCGG I G WTGAT TCVAG T TC I T LNPYY SQCQ
PQYGQCGG I G WTGAT TCPDG WTCT I SNEYY SQCL
- - WGQCGG I G YTGST VCDAG SVCV F ENDYY SQCQ




A9 Predicted hydrophobins from Ganoderma 












CNTGSMQCCNHV EE SD SV SGSA L LGA L AT LG I N LQDVTGK I G LQCSP L SAVGVGGSSACSA SPVCCQNNNVGGLV S I GCV P I
CNTGSMQCCSSL VD SK SEQGSL I R SL L K LDVQDVTGQ I GVDCT PHNAVVGVGV SSECKAT PVCCKDTQAGGT VG I GCV PV
CNTGP I QCCNN FENAN SAAGST L L AGLGVNVQDVVGQ I GLQCNPVT V I GGQ I T SQCSQEPVCCQNNNVGGLV SVGC I PV
CNTGE L KCCNT VGK SNDPT VT EGL PA L LQVV L SGLDV P I GVNCDP I T V I GAT L SSSCKAQPVCCSNN SVGSLV SLGCV PV
NTGD I QCCN SL EH SSSAAGSG I LGL LG I N LQDVTGL I G LQCSP LNV LGLGGSSACSQK PVCCQNNNVGGL I S I GC I P I
NTGD I QCCN SL EH SSSPAGSG I LGL LG I N LQDVTGL I G LQCSP LNV LGLGGSSACVQQPVCCQNNNVGGL I S I GC I P I
C STGSVQCCN SVVD SN SA EGN L L LGL LG I V I GD L TGL I G L SCSP I T V I GVGTGNACSANAVCCTNNNVGGL I S I GCV PV
CNTGD I QCCN SVQD SN ST AV ST L LGL LG I NAQD I TGKVGLQCSP L T V I GAGVGSSCEQA PVCCQNNNVGGL I S I GCV P I
C STGPVQCCN SVGT ANDAGF SA I LGL LG I V LDGV EGL LGLGCSP I T VVGVGSGNACSSNVVCCQNNNVGGL I S I GC I P I
CNTGAVQCCD SL ED SK SAAAAG I L SM I GVNVQDVTGL I G LQCSP L T VVGVGAGSSCSQK PVCCQNNNVGGAV S I GCV PV
CSTGPVQCCNT VTQA SNP SAT A I LG L LG I V L SD L SV L VGL T CSP I T V I GVGGSNACT ANAVCCQDN SNGGL I S I GCV PV
CT TGP I QCCQS I EK PTDHDA SV I LGL LD L V I EGLDV L VGL T CSP I SV I GVGSGN SCSANVVCCQNNNVGGL I S I GCV P I
T TGP I QCCQS I EK PTDHDA SV I LGL LD L V I EGLDV L VGL T CSP I SV I GVGSGN SCSANVVCCQNNNVGGL I S I GCV P I
T TGT LNCCQT I AN SSDP STN L L L SL I GVVVKGVDVAVGLNCDP I T A I GVG I SN SCQAQPACCPDNATGNAV S I GCV PV
CAAGD LQCCDT T EKAGSP SGAA L LGL LG I VVQDVDV L I GVT CT P I T V I GVGTGSSCSTNAVCCSDN SHGGLV S I DCV PV
CSTGP I QCCDT VT EA SDPEAT A I LG L LG I V L KD LNV L VGL T CSP I T V I GVGGGSACSANAVCCQDN SHGGL I S I GCV PV
CSTGP I QCCDT VT EA SDPKAT A I LG L LG I V L KD LNV L VGL T CSP I T V I GVGGGSACSANAVCCQDN SHGGL I S I GCV PV
CNTGSVQCCNQV SKANDT V I SA I LG L LG I GGVADD I L VGL KCSP L SVVGLGSGN SCSQRPVCCENN SKGGL I S I GC I P I
C STGP I QCCE SVQPAGSAAAT SL L A S I GVVVQDVT T P I G I T C SP I SVVNVGGSDACSADT VCCEDNA FGE























- NTGD - - I QC CNSL EHSSSA AGSG I LGL L - - - G I N LQDVT GL I GLQCSPL N - V LGLGGSS ACSQKPVCCQ NNNVGGL I S I GC I P I
- NTGD - - I QC CNSL EHSSSP AGSG I LGL L - - - G I N LQDVT GL I GLQCSPL N - V LGLGGSS ACVQQPVCCQ NNNVGGL I S I GC I P I
CNTGS- - MQC CNHV EESD SV SGSAL LGALA T LG I N LQDVT GK I GLQCSPL S- AVGVGGSS ACSASPVCCQ NNNVGGLV S I GCV P I
CNTGA- - VQC CD SL ED SKSA AAAG I L SM I - - - GVNVQDVT GL I GLQCSPL T - VVGVGAGS SCSQKPVCCQ NNNVGGAV S I GCV PV
CSTGS- - VQC CNSVVD SNSA EGNL L LGL L - - - G I V I GD LT GL I GL SCSP I T - V I GVGTGN ACSANAVCCT NNNVGGL I S I GCV PV
CNTGD - - I QC CNSVQD SNST AV ST L LGL L - - - G I NAQD I T GKVGLQCSPL T - V I GAGVGS SCEQAPVCCQ NNNVGGL I S I GCV P I
C STGP- - VQC CNSVGTANDA GF SA I LGL L - - - G I V LDGV E GL LGLGCSP I T - VVGVGSGN ACSSNVVCCQ NNNVGGL I S I GC I P I
C STGP- - I QC CDT VT EASD P EATA I LGL L - - - G I V LKD LN V LVGLTCSP I T - V I GVGGGS ACSANAVCCQ DNSHGGL I S I GCV PV
CSTGP- - I QC CDT VT EASD P KATA I LGL L - - - G I V LKD LN V LVGLTCSP I T - V I GVGGGS ACSANAVCCQ DNSHGGL I S I GCV PV
CSTGP- - VQC CNT VTQASNP SATA I LGL L - - - G I V L SD L S V LVGLTCSP I T - V I GVGGSN ACTANAVCCQ DNSNGGL I S I GCV PV
CNTGS- - VQC CNQV SKANDT V I SA I LGL LG I GGV - ADD I - - L VGLKCSPL S- VVGLGSGN SCSQRPVCCE NNSKGGL I S I GC I P I
CT TGP- - I QC CQS I EKPTDH DASV I LGL L - - - D LV I EGLD V LVGLTCSP I S- V I GVGSGN SCSANVVCCQ NNNVGGL I S I GCV P I
- T TGP- - I QC CQS I EKPTDH DASV I LGL L - - - D LV I EGLD V LVGLTCSP I S- V I GVGSGN SCSANVVCCQ NNNVGGL I S I GCV P I
CNTGP- - I QC CNNF ENANSA AGST L LAGL - - - GVNVQDVV GQ I GLQCNPV T - V I GGQ I T S QCSQEPVCCQ NNNVGGLV SV GC I PV
CAAGD - - LQC CDT T EKAGSP SGAAL LGL L - - - G I VVQDVD V L I GVTCT P I T - V I GVGTGS SCSTNAVCCS DNSHGGLV S I DCV PV
CNTGS- - MQC CSSLVD SKSE QGSL I RSL LK - - - LD VQDVT GQ I GVDCT PH NAVVGVGV SS ECKAT PVCCK DTQAGGT VG I GCV PV
CNTGE- - LKC CNT VGKSND P T VT E- - GL PA L LQVV L SGLD V P I GVNCD P I T - V I GAT L SS SCKAQPVCCS NNSVGSLV SL GCV PV
CSTGP- - I QC CESVQPAGSA AAT SL LAS I - - - GVVVQDVT T P I G I TC SP I S- VVNVGGSD ACSADT VCCE DNAFGE- - - - - - - - -
- T TGT - - LNC CQT I ANSSD P STN L L L SL I - - - GVVVKGVD VAVGLNCD P I T - A I GVG I SN SCQAQPACCP DNATGNAV S I GCV PV





Strain name Genotype Comments Reference 
FY250 MATα his3-Δ200, leu2-Δ1 trp1-Δ63, 
ura3-52 
 12 
FY251 MATa his3-Δ200, leu2-Δ1 trp1-Δ63, 
ura3-52  
ATCC 96098  
BY4733 MATa his3Δ200 leu2Δ0 met15Δ0 
trp1Δ63 ura3Δ0  
ATCC 200895  
LW2591 BY4733 MATa-inc HOΔ::ReRec Reiterative Recombination 
acceptor strain 
13 
LW2671 BY4733 derivative overexpressing 
CrtEBI  
Constitutive lycopene producing 
strain 
 
yMJ105 LW2591 sst2-Δ far1-Δ  Parental biosensor strain 14 



















ReRec[3]::pTDH3-F AD1-tPGK1  
Optimized lycopene biosensor 




Pb biosensor  
yMJ260 yMJ251 ste2Δ::pTDH3-Ca.Ste2-
tSTE2  
Ca biosensor  
W303-1B MATα leu2-3,112 trp1-1 can1-100 
ura3-1 ade2-1 his3-11,15  
ATCC 201238  
GC75 Candida albicans, MTLα/MTLα  Genebank assembly number 
GCA_000773735.1  
 
ySB36 Candida albicans, MTLa/MTLα  
 
Clinical isolate obtained from A-
C. Uhlemann, mating loci (MTL) 
were genotyped by PCR 
 
ySB45 Candida albicans, MTLα/MTLα  sorbose selected isolate, 
derivative of isolate ySB36, 
MTL were genotyped by PCR  
 
 
Pb01 Paracoccidioides lutzii, MAT1-1  Supernatant prepared by Prof. 
Fernando Rodrigues 
15 
Pb18 Paracoccidioides brasiliensis, MAT1-2  Supernatant prepared by Prof. 
Fernando Rodrigues 
15 
Hc01 Histoplasma capsulatum, NAm2  Supernatant prepared by Prof. 
Chad Rappleye 
16 
Hc06 Histoplasma capsulatum, NAm1 Supernatant prepared by Prof. 
Chad Rappleye 
16 
BY4741 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 
Parent of yNA899 17 




yNA899 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ 
Parent of JTy014 18 
yNA903 MATα lys2Δ0 leu2Δ0 ura3Δ0 his3Δ1 
MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ 
Used for validation of language 
functionality in α-type strain 
18 
JTy014 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ HO::FUS1p-coRFP-LEU2 
Used for GPCR 
characterization after 
transformation with the GPCR 
expression constructs. Parent 
of ySB98/99/100 
18 
JTy015 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ HO::FIG1p-coRFP-LEU2  
 18 
ySB98 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 








Ca.Ste2,Sc.Ste2 or Bc.Ste2 
under control of the constitutive 
TDH3 promoter integrated into 
the Ste2 locus. Used for single 




ySB99 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 





ySB100 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 





ySB265 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ  ste12::ste12* ste2::TDH3p-
Bc.Ste2 sec4::CYC1t-OSR1p-Sec4 
Ste12 replaced by Ste12*. 
TDH3p-Bc.Ste2, Ca.Ste2 or 
Vp1.Ste2 integrated into the 
STE2 locus. SEC4 under 
control of OSR1 promoter and 
insulated by an upstream CYC1 
terminator or under control of 
the OSR4 promoter without 
insulation. Used for rendering 
strains dependent on peptide 
sensing.  
18 
ySB270 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ  ste12::ste12* ste2::TDH3p-
Ca.Ste2 sec4::OSR4p-Sec4 
18 
ySB188 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 






yJB416 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ ste2::TDH3p-Kp.Ste2 
Parent GPCR integration 
strains for constructing the 2-
yeast linker strains, ring, bus -
and tree topologies; derived 
from yNA899. 
18 
yJB418 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ ste2::TDH3p-Cl.Ste2 
18 
yJB421 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ ste2::TDH3p-Cgu.Ste2 
18 
yJB422 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ ste2::TDH3p-Bc.Ste2 
18 
yJB423 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ ste2::TDH3p-Ca.Ste2 
18 
yJB523 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ ste2::TDH3p-Hj.Ste2 
18 
ySB315 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ ste2::TDH3p-Cl.Ste2 
ste3::TDH3p-Sj.Ste2 
Strain encoding two GPCRs for 
the implementation of branches 
in the tree-topologies. Derived 
from yJB418 
18 
ySB316 MATa leu2Δ0 met15Δ0 ura3Δ0 
his3Δ1 MFa1Δ MFa2Δ MFalpha1Δ 
MFalpha2Δ ste2Δ ste3Δ sst2Δ far1Δ 
bar1Δ ste2::TDH3p-Bc.Ste2 
ste3::TDH3p-So.Ste2 
Strain encoding two GPCRs for 
the implementation of branches 
in the tree-topologies. Derived 
from yJB422 
18 
BY367 MATa ura3-52 S288c-derived haploid  
yJB618 yNA899 pSAG1::pTDH3 “a-agglutinin” strain  
yJB619 yNA899 pAGA1::pTDH3 
pAGA2::pTDH3 
“a-agglutinin” strain  
yJB634 yNA899 pAGA1::pTDH3 aga2D Agglutination control strain  
yJB694 BY367 ste2D 
Pheromone response pathway 
deletion strains 
 
yJB695 BY367 ste2D sst2D  
yJB696 BY367 far1D ste2D  
yJB697 BY367 far1D ste2D sst2D  
yJB698 BY367 far1D bar1D  
yJB699 BY367 far1D bar1D sst2D  
yJB704 BY367 ste2D MFalpha1D MFalpha2D  
yJB705 



















BY367 ste2D MFalpha1D MFalpha2D 































































































pJB54 pRS423_pADH1_MF-EAEA_Scpep_tCYC1 Constitutive peptide 



































































pJB215 Cas9-NAT ClonNAT Cas9 
pJB212 








pRS416_pGPD-Aga2p-NheI-EagI-V5-tSte2 Modified yeast display 
plasmid 
pJB240 

















































of BAR1 gene 
and verification BAR1_delta_W TCATACCAAAATAAAAAGAGTGTCTAGAAGGGTCATATAt
ggGAAATCTGGAGTACAATT 
BAR1_FWD GGCTGCACTCATTCCGGTAC  












of FAR1 gene 
and verification FAR1_delta_W CCACTGGAAAGCTTCGTGGGCGTAAGAAGGCAATCTAT
TAtggTAGTTCGGGAATCGAGG 
FAR1_FWD GTTAGGCGGGCAAGAGAGAC  














































































































































of MFa1 gene 
and verification MFa1_FWD CTGCTACGGTTGGCCCATAC  









MFa2_FWD TTCCATCCACTTCTTCTGTCGTTC  CRISPR deletion 
of MFa2 gene 























































of SST2 gene 
and verification SST2_donor_W GTTATAGGTTCAATTTGGTAATTAAAGATAGAGTTGTAAG
tggTTTCATTGA 
SST2_FWD TGACTAGGACTTGGATTTGGTTGC  









STE12_FWD ACTCTTCGCGGTCAGGTCTC  CRISPR deletion 
of STE12 gene 













STE2_FWD TAGGACCTGTGCCTGGCAAG CRISPR deletion 
of STE2 gene 
















STE3_FWD TGCGTTTCATTTGGCCGTTATCAC  CRISPR deletion 
of STE3 gene 


































































































































































































































CCTGAGAGTTCTAGATCATGGCAAG Verification of 
GPCR integration 
into Ste2Δ locus 
CaSte2_ColPCR_
FWD 
TCCAGGATTAGATCAACCAATTC Determination of 

































CCTATATTATTGTACCACATTGC Verification of 
GPCR integration 








domain of Ste12 
by ZF43-8 
(Ste12*) Ste12*_Int_RVS CTTCTTCGTCTCTGCCC 
Ste12*_Int_ColPC
R_FWD 
































































































A13 gRNAs used for genome engineering 
Target gene or locus gRNA Sequence 
5’ gRNA 3’ gRNA 
STE2 CAGAATCAAAAATGTCTGATG ATGAGGAAGCCAGAAAGTT 
STE3 CATACAAGTCAGCAATAATA ATAGTTCAGAAAATACTGC 
MFalpha1 AAAACTGCAGTAAAAATTGA ATTGGTTGCAGTTAAAACC 
MFalpha2 CGCTAAAATAAAAGTGAGAA ACTGGTTGCAACTCAAGCC 
MFa1 AAAGACCAGCAGTGAAAAGA  
MFa2 TTCCACACAAGCCACTCAGA  
FAR1 AAAATACACACTCCACCAAG GCAAAGAATTCATCAGACCC 
BAR1 TCTTTGTTTGAAACTTATTT TTGTACATGAAACTAAATAT 
SST2 GTAAGATGGTGGATAAAAAT CATCTTTGTATACGTCTGAC 
STE12 AATAACCAATAGTAGAACAG CTGTTCTACTATTGGTTATT 
ΔSTE2 (insertion of TDH3p-
xySte2) 
ATATTCAAGATTTTTTTCTG  
ΔSTE3 (insertion of TDH3p-
xySte2) 
ATGTGTAAATGAAGGAATAA  
STE12 (replacement by 
Ste12*) 
TGAAGTCAGTAAAGCTACTC  
SEC4 (replacement of SEC4 
promoter by OSRs) 
TCCTCGTGGGCCAGGACTAG  
SEC4 (replacement of SEC4 
promoter by CYCt-OSRs) 
CATTCTACCTCTAGGGAAGC  
AGA1 (replacement of AGA1 
promoter by pTDH3) 
CACATATCTTCTCAAATTTT  
AGA2 (replacement of AGA2 
promoter by pTDH3) 
ATATAAATAGTTGTAAGAAG  
AGA2 (deletion of ORF of 
AGA2) 
TTTGTCAACGACTACTATTT  
SAG1 (replacement of SAG1 
promoter by pTDH3) 
TTGTTTCAAATTCCTCTGTT  
FLO1 (replacement of FLO1 
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